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I .  I n t r o d u c t i o n  

The purpose  of t h i s  p r o j e c t  is t o  d e s i g n  and e v a l u a t e  speech  p r o c e s s o r s  

f o r  a u d i t o r y  p r o s t h e s e s .  I d e a l l y ,  t h e  p r o c e s s o r s  w i l l  e x t r a c t  ( o r  p r e s e r v e )  

from speech  t h o s e  parameters  t h a t  a re  essent ia l  f o r  i n t e l l i g i b i l i t y  and t h e n  

a p p r o p r i a t e l y  e n c o d e  t h e s e  p a r a m e t e r s  f o r  e l e c t r i c a l  s t i m u l a t i o n  o f  t h e  

a u d i t o r y  ne rve .  Work i n  t h e  p r e s e n t  q u a r t e r  i nc luded  t h e  fo l lowing :  

1 .  Psychophys ica l  and s p e e c h - t e s t i n g  s t u d i e s  wi th  t h e  most-recent  

p a t i e n t  i n  t h e  expe r imen ta l  series a t  t h e  U n i v e r s i t y  of  

C a l i f o r n i a  a t  San F ranc i sco  (UCSF); 

2 .  F u r t h e r  development of so f tware  and hardware f o r  suppor t  of 

such  s t u d i e s ;  

3. I n i t i a l  development of a n  ensemble model of t h e  s p a t i a l  and 

temporal  p a t t e r n s  of n e u r a l  d i s c h a r g e  produced by i n t r a c o c h l e a r  

e l ec t r i ca l  s t i m u l a t i o n ;  and 

4 .  P r e p a r a t i o n  f o r  two major p r e s e n t a t i o n s  a t  t h e  Gordon Conference 

on " Implan tab le  Audi tory  P r o s t h e s e s . "  

In  t h i s  r e p o r t  w e  w i l l  d e s c r i b e  t h e  s p e e c h - t e s t i n g  s t u d i e s  i n d i c a t e d  i n  

p o i n t  1 above .  B r i e f l y ,  t h e  p a t i e n t  (LP)  p r e s e n t e d  a tremendous c h a l l e n g e  

t o  t h e  UCSF a n d  RTI teams i n  t h a t  h i s  p s y c h o p h y s i c a l  p e r f o r m a n c e  a l o n g  

a l m o s t  e v e r y  measured dimension was worse t h a n  any  p r e v i o u s  p a t i e n t  i n  t h e  

UCSF s e r i e s .  M o r e o v e r ,  o n l y  o n e  o f  h i s  s c o r e s  o n  s p e e c h  t e s t s  

( v o i c e / u n v o i c e )  was a b o v e  c h a n c e  f o r  t h e  " c o m p r e s s e d  a n a l o g  o u t p u t s "  

s t r a t e g y  u s e d  i n  t h e  p r e s e n t  UCSF p r o c e s s o r .  Wi th  t h e s e  d i s c o u r a g i n g  

r e s u l t s  i n  mind ,  o u r  a p p r o a c h  was f i r s t  t o  r e p r o d u c e  o n e  v e r s i o n  of t h e  

ana log - type  UCSF p r o c e s s o r  i n  t h e  s o f t w a r e  of o u r  b l  ock-diagram compi l e r ;  

t h e n  d e t e r m i n e  i f  t h e  s i m u l a t e d  p r o c e s s o r  p r o d u c e d  r e s u l t s  e s s e n t i a l l y  

i d e n t i c a l  t o  t h o s e  o b t a i n e d  wi th  t h e  UCSF " t a b l e t o p "  a n a l o g  p rocesso r ;  and  

f i n a l l y  t o  e v a l u a t e  o t h e r  p r o c e s s i n g  strategies i n  a n  a t t e m p t  t o  improve 

LP's unde r s t and ing  of speech.  The b a s i c  p l a n  of t h e s e  o t h e r  p rocesso r s  was 

t o  r e d u c e  i n  s t e p s  t h e  t e m p o r a l  and  s p a t i a l  o v e r l a p  b e t w e e n  c h a n n e l s  a n d  

i n t r o d u c e  ( i n  t h e  l a s t  two p r o c e s s o r s  t e s t e d )  a r e p r e s e n t a t i o n  o f  t h e  
, 
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l i n e a r - p r e d i c t i o n  r e s i d u a l  s i g n a l .  In  a1  1 ,  t h e  block-diagram compi le r  was 

used t o  s i m u l a t e  5 d i s t i n c t l y  d i f f e r e n t  p r o c e s s i n g  s t r a t e g i e s .  A s  we w i l l  

d e s c r i b e  i n  d e t a i l  i n  t h e  n e x t  s e c t i o n  o f  t h i s  r e p o r t ,  some o f  t h e s e  

p r o c e s s o r s  p r o d u c e d  p e r c e p t s  t h a t  were c l e a r l y  i n  t h e  " s p e e c h  mode." t h a t  

were s p o n t a n e o u s l y  r e c o g n i z e d  a s  t h e  s p e e c h  t e s t  t o k e n s  d e l i v e r e d  t o  t h e  

p r o c e s s o r ,  a n d  t h a t  p r o d u c e d  t e s t  s c o r e s  w e l l  a b o v e  c h a n c e  on c o n f u s i o n -  

matrix material. 

A d d i t i o n a l  s e c t i o n s  i n  t h i s  r e p o r t  i n c l u d e  (1) an update  on t h e  c u r r e n t  

s ta tus  of s o f t w a r e  development  f o r  t h e  block-diagram compi l e r  (Appendix 1) 

and (2 )  ou r  p l a n s  f o r  t h e  nex t  q u a r t e r  of p r o j e c t  work. D e s c r i p t i o n s  of t h e  

ensemble model and of ou r  psychophys ica l  tests wi th  p a t i e n t s  LP and EHT ( t h e  

p r e v i o u s  p a t i e n t  i n  t h e  UCSF series) are d e f e r r e d  f o r  now, bu t  w i l l  appear  

i n  f u t u r e  r e p o r t s .  

, 
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1 1 .  Speech-Test ing S t u d i e s  wi th  P a t i e n t  LP 

The m o s t - r e c e n t  p a t i e n t  i n  t h e  UCSF e x p e r i m e n t a l  ser ies  ( p a t i e n t  L P )  

was i n t e n s i v e l y  s t u d i e d  by t h e  UCSF and RTI  teams d u r i n g  t h e  months of June  

and  J u l y ,  1985. As m e n t i o n e d  i n  t h e  I n t r o d u c t i o n  o f  t h i s  r e p o r t ,  t h e  

psychophys ica l  performance of LP a l o n g  a lmos t  e v e r y  measured dimension w a s  

worse than  any p r e v i o u s  p a t i e n t  i n  t h e  UCSF expe r imen ta l  series. Among the  

f i n d i n g s  of t h e  b a s i c  psychophys ica l  s t u d i e s  were t h e  f o l l o w i n g :  

a .  

b .  

C .  

d .  

e .  

f .  

g .  

t h r e s h o l d s  t o  s t i m u l i  d e l i v e r e d ’  between b i p o l a r  e l e c t r o d e  p a i r s  

were much h i g h e r  t h a n  t h r e s h o l d s  t o  t h e  same s t i m u l i  d e l i v e r e d  

be tween  a s i n g l e  m o n o p o l a r  e l e c t r o d e  and  a r e m o t e  r e f e r e n c e  

e l e c t r o d e ,  on a l l  c h a n n e l s ;  

dynamic ranges  t o  s i n u s o i d a l  and p u l s a t i l e  s t i m u l i  were ex t r eme ly  

n a r r o w  compared  t o  a l l  o t h e r  p a t i e n t s  s t u d i e d  by t h e  UCSF team 

( s e e ,  e.g., T a b l e  1);  

t e m p o r a l  and  s p a t i a l  i n t e r a c t i o n s  b e t w e e n  c h a n n e l s  were v e r y  

s e v e r e  f o r  t h e  middle  c h a n n e l s  i n  t h e  e l e c t r o d e  a r r a y  and somewhat 

less  s e v e r e  f o r  t h e  ap ica l -mos t  and basa l -most  p a i r s  i n  t h e  a r r a y ;  

LP was a b l e  t o  d i s t i n g u i s h  p e r c e p t s  e l i c i t e d  by s t i m u l a t i o n  w i t h  

d i f f e r e n t  p a i r s  i n  t h e  e l e c t r o d e  a r r a y ,  i f  t h e  s t i m u l i  were 

d e l i v e r e d  one a t  a time; 

e x c i t a t i o n  of  t h e  m i d d l e  c h a n n e l s  s t r o n g l y  i n h i b i t e d  p e r c e p t s  

e l i c i t e d  by e x c i t a t i o n  of t h e  a p i c a l  and b a s a l  c h a n n e l s ;  

t h r e s h o l d s  and uncomfor tab le  loudness  l e v e l s  ( U C L s )  were l a b i l e ,  

a n d  t h e s e  measures e x h i b i t e d  s h i f t s  b o t h  w i t h i n  and  b e t w e e n  

s e s s i o n s  ( U C L  was somewhat more s t a b l e  t h a n  t h r e s h o l d ) ,  w h i c h  

f u r t h e r  l i m i t e d  t h e  u s e f u l  dynamic range;  and 

t h e  o n s e t  of U C L  f rom m o s t - c o m f o r t a b l e  l o u d n e s s  ( M C L )  was v e r y  

sudden f o r  most c h a n n e l s  and most c o n d i t i o n s  of s t i m u l a t i o n .  

, 
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I 

Not s u r p r i s i n g l y ,  LP's case has  been i n f o r m a l 1 y . d e s c r i b e d  by members of 

t h e  UCSF team a s  "one  t o u g h  n u t  t o  c r a c k "  and  " o f f  t h e  map." With t h e  

excep t ion  of t h e  vo ice /unvo ice  t e s t  of t h e  MAC b a t t e r y ,  none of h i s  s c o r e s  

on speech  tests wi th  t h e  p r e s e n t  UCSF p rocesso r  were above  chance; indeed ,  

h e r o i c  e f f o r t s  were r e q u i r e d  j u s t  t o  map t h e  p r o c e s s o r  o u t p u t s  i n t o  LP 's  

u s e a b l e  dynamic  range. I n  a l l ,  t h e  r e s u l t s  m e n t i o n e d  a b o v e ,  a l o n g  w i t h  

o t h e r s ,  were c o n s i s t e n t  w i th  a p i c t u r e  of v e r y  poor s u r v i v a l  of p e r i p h e r a l  

neu ra l  elements a l o n g  t h e  middle  p o r t i o n  of t h e  e l e c t r o d e  a r r a y  and a t  least  

some s u r v i v a l  i n  t h e  a p i c a l  and b a s a l  segments. 

RTI's a c t i v e  invo lvemen t  i n  t h e  tests wi th  LP began i n  e a r l y  J u l y  a f t e r  

several  s i g n i f i c a n t  problems wi th  t h e  RTI p a t i e n t  s t i m u l a t o r  and a s s o c i a t e d  

s o f t w a r e  were f u l l y  r e s o l v e d .  We were a b l y  a s s i s t e d  i n  many of t h e  tests by 

members of  t h e  UCSF t eam,  p a r t i c u l a r l y  by Mark Whi te .  Our a p p r o a c h  was 

f i r s t  t o  r e p r o d u c e  o n e  v e r s i o n  of  t h e  a n a l o g - t y p e  UCSF p r o c e s s o r  i n  t h e  

s o f t w a r e  o f  o u r  b l o c k - d i a g r a m  c o m p i l e r ;  t h e n  d e t e r m i n e  i f  t h e  s i m u l a t e d  

p rocesso r  produced r e su l t s  e s s e n t i a l l y  i d e n t i c a l  t o  t h o s e  ob ta ined  wi th  t h e  

UCSF " t a b l e t o p "  a n a l o g  p r o c e s s o r ;  and f i n a l l y  t o  e v a l u a t e  o t h e r  p r o c e s s i n g  

strategies i n  an a t t e m p t  t o  improve LP's unde r s t and ing  of speech.  The b a s i c  

p l a n  of  t h e s e  o t h e r  p r o c e s s o r s  was t o  r e d u c e  i n  s t e p s  t h e  t e m p o r a l  a n d  

s p a t i a l  o v e r l a p  be tween  c h a n n e l s  and  t o  i n t r o d u c e  ( i n  t h e  l a s t  two 

p r o c e s s o r s  t e s t e d )  a r e p r e s e n t a t i o n  of t h e  l i n e a r - p r e d i c t i o n  r e s i d u a l  

s i g n a l .  I n  a l l ,  t h e  b l o c k - d i a g r a m  c o m p i l e r  was u s e d  t o  s i m u l a t e  5 

d i s t i n c t l y  d i f f e r e n t  p r o c e s s i n g  s t ra tegies .  As mentioned be fo re ,  some of 

t h e s e  p r o c e s s o r s  produced p e r c e p t s  t h a t  were c l e a r l y  i n  t h e  "speech mode," 

t h a t  were spon taneous ly  recognized  as t h e  speech tes t  tokens  d e l i v e r e d  t o  

t h e  p rocesso r ,  and t h a t  produced t e s t  s c o r e s  w e l l  above  chance on confusion-  

matrix material. 

S i g n a l - p r o c e s s i n g  elements used i n  v a r i o u s  ways by t h e  5 p rocesso r s  are 

shown i n  t h e  b l o c k  diagram of F i g .  1. Speech tokens  are read  from a n  i n p u t  

d i s k  f i l e  a n d  t h e n  h i g h - p a s s  f i l t e r e d  t o  f l a t t e n  t h e  s p e e c h  s p e c t r u m  a n d  

d i m i n i s h  t h e  o t h e r w i s e  o v e r w h e l m i n g  i n f l u e n c e  o f  F 1 .  The o u t p u t  of  t h e  

h i g h - p a s s  f i l t e r  i s  t h e n  f e d  t o  a bank o f  b a n d p a s s  f i l t e r s  whose c e n t e r  

f r e q u e n c i e s  s p a n  t h e  combined  r a n g e  of  F1 and  F2. The  RMS e n e r g y  i n  e a c h  

band i s  s e n s e d  by a f u l l - w a v e  r e c t i f i e r  and  l o w - p a s s  f i l t e r  c o n n e c t e d  i n  

ser ies  t o  each  bandpass f i l t e r  ou tpu t .  F i n a l l y ,  t h e  "ana log"  o u t p u t s  of t h e  

b a n d p a s s  f i l t e r s  a re  mapped o n t o  t h e  dynamic  r a n g e  of t h e  p a t i e n t  w i t h  

, 
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(DISK)  i W  OQDER 

1.2 kHr 
1 2 3 

Fig. 1. Basic design used for simulation of 5 processing strategies 

for tests with patient LP, June and J u l y ,  1985. 
, 
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i n s t a n t a n e o u s  compressors  (of t h e  "compressor-compressor" type ,  see Appendix 

1, pp. 43-47) and g a i n  b l o c k s  f o r  each channel .  

S i m u l a t i o n  o f  one  v a r i a n t  o f  t h e  b a s i c  UCSF p r o c e s s i n g  s t r a t e g y  was 

a c c o m p l i s h e d  by u s i n g  a l l  e l e m e n t s  i n  t h e  b l o c k  d i a g r a m  of  F i g .  1 e x c e p t  

t h o s e  u s e d  t o  s e n s e  t h e  R M S  l e v e l s  i n  e a c h  band of  f r e q u e n c i e s .  P o s t -  

c o m p r e s s i o n  o f  t h e  f i 1 t e r  bank o u t p u t s  w i th  i n s t a n t a n e o u s  compressors was 

s e l e c t e d  i n s t e a d  of  p r e - c o m p r e s s i o n  b e f o r e  t h e  f i l t e r  bank  w i t h  a 

n o n i n s t a n t a n e o u s  c o m p r e s s o r  ( a s  i n  t h e  u s u a l  c o n f i g u r a t i o n  of t h e  UCSF 

p r o c e s s o r )  because ( 1 )  w e  were concerned t h a t  "overshoots"  produced a t  t h e  

o n s e t  of compression wi th  non ins t an taneous  compressors  would g r e a t l y  exceed 

L P ' s  U C L s  a n d  ( 2 )  w e  e s t i m a t e d ,  f o r  L P ' s  v e r y  n a r r o w  dynamic  r a n g e ,  t h a t  

t h e  s p e c t r a l  d i s t o r t i o n  produced by pre-compression would be more damaging 

t o  t h e  f r e q u e n c y  r e p r e s e n t a t i o n  a t  t h e  c h a n n e l  o u t p u t s  t h a n  wou ld  be  t h e  

"de-emphasis" of t h i s  r e p r e s e n t a t i o n  produced by post-compression. 

I 

T y p i c a l  o u t p u t s  of t h i s  s i m u l a t i o n  of t h e  UCSF p r o c e s s i n g  s t r a t e g y  are 

p r e s e n t e d  i n  F i g .  3 and  t y p i c a l  o u t p u t s  o f  t h e  R M S  l e v e l  d e t e c t o r s  a r e  

p r e s e n t e d  f o r  r e f e r e n c e  i n  F i g .  2 .  The s p e e c h  i n p u t  t o k e n  i s  t h e  word 

"BOUGHT." As i l l u s t r a t e d  i n  F ig .  2 ,  t h i s  token has  s t r o n g  energy  components 

i n  t h e  l o w e r  two f r e q u e n c y  b a n d s  d u r i n g  t h e  i n i t i a l  p a r t  of t h e  v o w e l ,  a 

r e l a t i v e l y  s t r o n g  peak i n  t h e  t h i r d  band n e a r  t e r m i n a t i o n  of t h e  vowel ,  a 

" b l i p "  i n  bands 1-5 a t  t h e  end of t h e  vowel ,  and b u r s t  of e n e r g i e s  i n  bands 

3-6 a t  t h e  ' I t . "  P i g .  3 shows ,  i n  t h e  u p p e r - l e f t  p a n e l ,  t h a t  t h e s e  f e a t u r e s  

a re  r e p r e s e n t e d  t o  some d e g r e e  i n  t h e  "compressed  a n a l o g "  o u t p u t s  of  t h e  

s i m u l a t e d  UCSF p rocesso r .  Details  of t h e  o u t p u t s  d u r i n g  t h e  i n i t i a l  p a r t  of 

t h e  v o w e l  a n d  j u s t  a f t e r  t h e  o n s e t  o f  t h e  "t" ( r i g h t  p a n e l s )  f u r t h e r  

i l l u s t r a t e  t h a t  t h e  r e p r e s e n t a t i o n  a c r o s s  f r e q u e n c i e s  is h i g h l y  compressed 

a n d  t h a t  f e a t u r e s  r e f l e c t i n g  t h e  e x c i t a t i o n  of  t h e  v o c a l  t r a c t  a r e  

i n d i s t i n c t .  F i n a l l y ,  t h e  l o w e r - l e f t  pane l  shows h i s tog rams  of t h e  o u t p u t  

l e v e l s  o f  s t i m u l i  p r e s e n t e d  d u r i n g  t h e  t o k e n .  I n  a l l ,  F i g .  3 p o r t r a y s  a 
dense  and h i g h l y  compressed r e p r e s e n t a t i o n  of t h e  speech token wi th  ongoing 

a c t i v i t y  i n  a l l  c h a n n e l s  d u r i n g  and beyond t h e  u t t e r a n c e .  

A s  was e x p e c t e d  f r o m  t h e  r e s u l t s  of  p r e v i o u s  t e s t s  w i t h  t h e  a n a l o g  

" t a b l e t o p "  u n i t ,  r e s u l t s  o b t a i n e d  w i t h  t h e  p r o c e s s o r  of  F i g .  3 were 

m i s e r a b l e .  F i r s t ,  a t t e n u a t o r s  between t h e  i s o l a t e d  o u t p u t s  and implanted  

e l e c t r o d e s  had  t o  b e  c a r e f u l l y  a d j u s t e d  b e f o r e  e a c h  s e s s i o n  (and  o f t e n  

b e f o r e  each token!)  t o  a t t a i n  s u p r a t h r e s h o l d  l e v e l s  w i thou t  exceeding t h e  

p e r i l o u s l y - c l o s e  U C L s  on each channe l .  Th i s  a c t i v i t y  u s u a l l y  consumed a t  
, 
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81.33 

F i g .  2 .  Speech i n p u t  ( t o p )  and band e n e r g i e s  f o r  t h e  token "BOUGHT." 

Numbers t o  t h e  r i g h t  o f  e a c h  t r a c e  r e f e r  t o  o u t p u t s  o f  

t h e  b l o c k s  w i t h  t h e  same numbers i n  F ig .  1 ,  f o r  des ign  # 81. 

The s a m p l i n g  f r e q u e n c y  i s  1 0  kHz i n  t h i s  a n d  s u b s e q u e n t  

f i g u r e s  . 
, 
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F i g .  3. D i s p l a y s  of  o u t p u t s  f o r  s p e e c h - p r o c e s s i n g  s t r a t e g y  1 used w i t h  
p a t i e n t  LP. T h i s  s t r a t e g y  i s  a s i m u l a t i o n  o f  t h e  b a s i c  UCSF 
s p e e c h  p r o c e s s o r ,  i n  w h i c h  b a n d - p a s s  f i l t e r s  d i v i d e  t h e  speech  
i n p u t  i n t o  f r e q u e n c y  ranges t h a t  s p a n  t h e  f i r s t  a n d  s e c o n d  
formants .  The o u t p u t s  of t h e  f i l t e r s  are t h e n  compressed t o  map 
t h e  s i g n a l s  o n t o  t h e  l i m i t e d  dynamic range of i m p l a n t  p a t i e n t s .  
D e t a i l s  of  t h e  p a r t i c u l a r  d e s i g n  u s e d  f o r  p a t i e n t  LP a r e  
p r e s e n t e d  i n  t h e  b l o c k  d i a g r a m  of F i g .  1. As n o t e d  i n  t h e  t e x t ,  
t h i s  p a t i e n t  had an e x t r e m e l y  l i m i t e d  dynamic range (on t h e  o r d e r  
of 2-3 dB on e v e r y  channel  f o r  s h o r t  b i p h a s i c  p u l s e s  and somewhat 
greater f o r  low-frequency s i n u s o i d s )  which r e q u i r e d  r e l a t i v e l y -  
h igh  compression r a t i o s  f o r  mapping. The u p p e r - l e f t  pane l  shows 
t h e  c h a n n e l  o u t p u t s  f o r  t h e  e n t i r e  t o k e n  ("BOUGHT"), and  t h e  
r i g h t  p a n e l s  show d e t a i l s  of t h e  o u t p u t  d u r i n g  t h e  i n i t i a l  p a r t  
o f  t h e  v o w e l  s e g m e n t  ( u p p e r  r i g h t ,  s t a r t i n g  a t  s a m p l e  number 
1900) and d u r i n g  t h e  "t" ( l o w e r  r i g h t ,  s t a r t i n g  a t  sample  number 
6400) .  Y - a x i s  c a l i b r a t i o n s  a r e  i n  d i g i t a l - t o - a n a l o g  c o n v e r t e r  
( d a c )  u n i t s :  2 0 4 8  d a c  u n i t s  c o r r e s p o n d  t o  800 pA o f  c u r r e n t  a t  
t h e  e l e c t r o d e s .  F i n a l l y ,  t h e  l o w e r - l e f t  p a n e l  shows h is tograms o f  
t h e  c h a n n e l  o u t p u t s  f o r  t h e  t o k e n .  The b i n  w i d t h  i s  20 and  t h e  
o u t p u t  J e v e l s  are i n  dac  u n i t s .  
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l eas t  h a l f  of a two-hour s e s s i o n .  Next,  once t h e  a t t e n u a t o r s  were a d j u s t e d ,  

t h e  p e r c e p t s  were r a r e l y  speech-1 i k e  i n  c h a r a c t e r .  I n s t e a d ,  t h e  processed  

tokens  sounded "mushy," "drawn o u t , "  " i n d i s t i n c t "  o r  "on a l l  t h e  time." The 

g e n e r a l  p i c t u r e  t h a t  emerged from t h e s e  anecdo ta l  remarks was one of a poor 

r e p r e s e n t a t i o n  o f  t e m p o r a l  e v e n t s ,  p o s s i b l y  p r o d u c e d  by s e v e r e  c h a n n e l  

i n t e r a c t i o n s .  In  no c a s e  were speech tokens  spon taneous ly  i d e n t i f i e d  as t h e  

words d e l i v e r e d  t o  t h e  speech p rocesso r ;  t h e s e  words i n c l u d e d  s e v e r a l  tokens  

of t h e  vowel confus ion  t e s t  ("BEET," "BIT,"  "BOAT," "BOOT" and "BOUGHT") and 

o f  t h e  c o n s o n a n t  c o n f u s i o n  t e s t  ( " A D A , "  "AKA," " A L A , "  "ANA,"  "ASA," "ATA," 

"ATHA" a n d  "AZA") .  

The s u g g e s t i o n  t h a t  c h a n n e l  i n t e r a c t i o n s  m i g h t  h a v e  b e e n  l a r g e l y  

r e s p o n s i b l e  f o r  t h e  poor r e s u l t s  j u s t  mentioned l e d  u s  t o  e v a l u a t e  a n o t h e r  

p r o c e s s i n g  s t r a t e g y  i n  which t h e  number of s imul t aneous  channel  o u t p u t s  was 

reduced from 6 t o  2. In  t h i s  des ign  t h e  RMS energy l e v e l s  i n  each bandpass 

of  f r e q u e n c i e s  were compared f o r  e v e r y  s a m p l e .  The "compressed  a n a l o g "  

o u t p u t  of  a channel  would be d e l i v e r e d  t o  i t s  a s s igned  e l e c t r o d e s  o n l y  if 

(1) i t  was one  of  t h e  two c h a n n e l s  w i t h  t h e  g r e a t e s t  R M S  e n e r g y  f o r  t h e  

p r e s e n t  sample  and (2)  t h e  RMS energy  was above a p r e s e t  "no i se  th re sho ld . "  

The number of c h a n n e l s  a l l o w e d  t o  send t h e i r  o u t p u t s  t o  t h e  e l e c t r o d e s  c o u l d  

t h e r e f o r e  d e c l i n e  t o  one o r  none d u r i n g  r e l a t i v e l y - q u i e t  i n t e r v a l s .  

Typ ica l  o u t p u t s  of t h i s  second speech-process ing  s t r a t e g y  are  p resen ted  

i n  F i g .  4 .  A s  i s  o b v i o u s  f r o m  t h e  f i g u r e ,  t h i s  s t r a t e g y  h a s  a g r e a t l y  

r e d u c e d  b a n d w i d t h  of  t r a n s m i s s i o n  t o  t h e  e l e c t r o d e  a r r a y  compared t o  t h e  

p r e v i o u s  s t r a t e g y  i l l u s t r a t e d  i n  F i g .  3. I n  p a r t i c u l a r ,  t h e r e  a r e  q u i e t  

i n t e r v a l s  d u r i n g  s i l e n t  o r  low-energy segments of t h e  i n p u t  speech token;  no 

more t h a n  two c h a n n e l s  a r e  "on" a t  a t ime;  a n d ,  a s  t h e  h i s t o g r a m s  i n  t h e  

l o w e r - l e f t  p a n e l  show, t h e  number of s u p r a t h r e s h o l d  samples  d e l i v e r e d  t o  t h e  

e l e c t r o d e  a r r a y  i s  g r e a t l y  r e d u c e d  ( n o t e  t h e  s c a l e  c h a n g e  on  t h e  

h i s t o g r a m s ) .  U n f o r t u n a t e l y ,  h o w e v e r ,  t h i s  p r o c e s s i n g  s t r a t e g y  d i d  n o t  

p r o d u c e  a marked improvemen t  i n  p e r f o r m a n c e .  The t o k e n s  d i d  sound more 

" s p e e c h - l i k e ' '  i n  c h a r a c t e r  b u t  n o t  o n e  was s p o n t a n e o u s l y  i d e n t i f i e d  a s  a 

word ,  much l e s s  t h e  c o r r e c t  word. The p e r c e p t s  f r o m  t h i s  p r o c e s s o r  had  

b e t t e r  " temporal  dynamics" than  t h e  f i r s t  p rocesso r ,  and t h e  tokens  were no 

l o n g e r  d e s c r i b e d  as "on a l l  t h e  time." A s  b e f o r e ,  much o f  t h e  time 

a v a i l a b l e  i n  e a c h  s e s s i o n  was consumed i n  r e p e a t e d  a d j u s t m e n t s  o f  t h e  

a t t e n u a t o r s .  

, 



F i g .  4 .  D i s p l a y s  of o u t p u t s  for  s p e e c h - p r o c e s s i n g  s t r a t e g y  2 u s e d  w i t h  
p a t i e n t  LP. T h i s  s t r a t e g y  i s  t h e  same a s  t h a t  i l l u s t r a t e d  i n  
F i g .  3 ,  e x c e p t  t h a t  o n l y  two c h a n n e l s  a r e  a l l o w e d  t o  s e n d  t h e i r  
o u t p u t s  t o  t h e  e l e c t r o d e s  a t  any one time. The c h a n n e l s  s e l e c t e d  
f o r  o u t p u t  t o  t h e  e l e c t r o d e s  are  t h o s e  (1) w i t h  t h e  greatest  RMS 
energy  i n  t h e i r  f requency  bands a t  each sampl ing  i n t e r v a l  and ( 2 )  
t h a t  h a v e  R M S  e n e r g i e s  a b o v e  a p r e s e t  " n o i s e  t h r e s h o l d . "  T h e  
number of c h a n n e l s  a l l o w e d  t o  send o u t p u t s  t o  t h e  e l e c t r o d e s  can 
d e c l i n e  t o  one o r  none d u r i n g  r e l a t i v e l y - q u i e t  i n t e r v a l s .  The 
o v e r a l l  s t r a t e g y  i l l u s t r a t e d  i n  t h i s  f i g u r e  h a s  a g r e a t l y  reduced 
s p a t i a l  bandwidth of t r a n s m i s s i o n  t o  t h e  e l e c t r o d e  a r r a y  compared 
t o  t h e  p r e v i o u s  s t r a t e g y  i l l u s t r a t e d  i n  F ig .  3. 

, 
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The n e x t  s t e p  i n  o u r  s e q u e n c e  of p r o c e s s i n g  s t r a t e g i e s  was t o  r e d u c e  

e v e n  f u r t h e r  t h e  b a n d w i d t h  of  t r a n s m i s s i o n  t o  t h e  e l e c t r o d e  a r r a y  and  t o  

abandon "compressed ana log"  s t i m u l a t i o n  i n  f a v o r  of p u l s a t i l e  s t i m u l a t i o n .  

The l a t t e r  c h o i c e  was made b e c a u s e  L P ' s  t h r e s h o l d s  and  UCLs were somewhat 

more s t a b l e  f o r  s h o r t - d u r a t i o n  b i p h a s i c  p u l s e s  t h a n  f o r  s i n u s o i d s  (of  

f r e q u e n c i e s  t h a t  a p p r o x i m a t e d  t h e  c e n t e r  f r e q u e n c i e s  o f  t h e  b a n d p a s s  

f i l t e r s )  a n d  b e c a u s e  we c o u l d  e x e r t  b e t t e r  c o n t r o l  o v e r  t e m p o r a l  

i n t e r a c t i o n s  w i t h  p u l s e s .  A s  w i t h  t h e  s t r a t e g y  of F i g .  4 ,  t h e  RMS e n e r g y  

l e v e l s  i n  each band were compared a t  each sample t o  s e l e c t  t h e  two o r  fewer  

e l e c t r o d e  p a i r s  i n  t h e  a r r a y  t o  r e c e i v e  s t i m u l i .  The s t i m u l i  d e l i v e r e d  t o  

t h e  s e l e c t e d  e l e c t r o d e s  were ba lanced  b i p h a s i c  p u l s e s  wi th  a d u r a t i o n  of 300 

psec /phase .  Th i s  was t h e  minimum d u r a t i o n  t h a t  would a l l o w  u s  t o  span t h e  

r a n g e  f r o m  t h r e s h o l d  t o  UCL on a1  1 c h a n n e l s .  I n f o r m a t i o n  r e f  1ec t ix iE  t h e  

r e l a t i v e  l e v e l s  of t h e  s e l e c t e d  bandpass c h a n n e l s  was t r a n s m i t t e d  t o  t h e  

e l e c t r o d e  a r r a y  through a compression l a w  of t h e  form: 

p u l s e  i n t e n s i t y  = A x log(RMS l e v e l )  + k, 

where t h e  parameters  "A" and "k" were determined f o r  each channe l  acco rd ing  

t o  t h e  t h r e s h o l d  and UCL f o r  p u l s e s  on t h a t  channe l .  The parameters  used ,  

a l o n g  w i t h  t a rge t  t h r e s h o l d s  and  UCLs  f o r  e a c h  c h a n n e l ,  a r e  p r e s e n t e d  i n  

T a b l e  1. 

A f i n a l  a s p e c t  of  t h e  d e s i g n  o f  p r o c e s s o r  3 was t h a t  t h e  p u l s e s  

d e l i v e r e d  t o  t h e  two s e l e c t e d  c h a n n e l s  (when two c h a n n e l s  were s e l e c t e d )  

were i n t e r l e a v e d  s o  t h a t  t h e  o n s e t  of  a p u l s e  on  o n e  c h a n n e l  wou ld  n e v e r  

f o l l o w  t h e  o f f s e t  of a p u l s e  on a n o t h e r  channel  w i t h i n  an  i n t e r v a l  of less  

t h a n  1 msec. Because shor t - t e rm tempora l  i n t e g r a t i o n  f e l l  o f f  r a p i d l y  a t  

and beyond 1 msec f o r  LP ,  we hoped t h j s  i n t e r l e a v i n g  of s t i m u l i  would reduce 

temporal  i n t e r a c t i o n s  between c h a n n e l s .  

The o u t p u t s  of  p r o c e s s o r  3 f o r  t h e  i n p u t  t o k e n  "BOUGHT" a re  shown i n  

F i g .  5. A s  would be expec ted  from t h e  d e s c r i p t i o n  above ,  p u l s a t i l e  o u t p u t s  

t o  t h e  s e l e c t e d  c h a n n e l s  a r e  s t r i c t l y  i n t e r l e a v e d  a n d  t h e  bandwid th  of 

t r a n s m i s s i o n  t o  t h e  e l e c t r o d e  a r r a y  is g r e a t l y  reduced compared t o  s t r a t e g y  

2 (F ig .  4 ) .  In  a d d i t i o n ,  some v o i c i n g  and vo ice /unvo ice  ( v / u v )  informat ion  

i s  p r e s e n t e d  t o  t h e  e l e c t r o d e  a r r a y  i n  t h a t  t h e  p u l s e  a m p l i t u d e s  c o a r s e l y  

f o l l o w  t h e  " r i p p l e s "  i n  t h e  o u t p u t s  o f  t h e  R M S  l e v e l  d e t e c t o r s  t h a t  

c o r r e s p o n d  t o  p i t c h  p e r i o d s .  A l t h o u g h  t h i s  i n f o r m a t i o n  i s  d i f f i c u l t  t o  , 
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Table 1. Parameters used f o r  mapping pulsatile stimuli onto L P ' s  

psychophysical space. 

Electrode Min Max Target Target 

Channel Pair RMS RMS Thresh0 Id* UCL* A k 

612 -232 1 1-2 10 139 380 1080 

2 3-4 10 207 1400 2000 456 944 

3 7-8 10 190 1250 2000 587 664 

4 11-12 10 157 650 745 74 576 

5 13-14 10 150 800 1090 247 553 

6 15-16 10 81 480 760 308 172 

* 
Digital-to-analog converter (dac) units; 2048 dac units correspond to 800 

PA at the electrodes. 
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F i g .  5 .  D i s p l a y s  of  o u t p u t s  f o r  s p e e c h - p r o c e s s i n g  s t r a t e g y  3 used w i t h  
p a t i e n t  LP. T h i s  s t r a t e g y  s e l e c t s  c h a n n e l s  f o r  o u t p u t  t o  t h e  
e l e c t r o d e  a r r a y ,  as  i n  s t r a t e g y  2 i l l u s t r a t e d  i n  F i g .  4 ,  b u t  
p r e s e n t s  b a l a n c e d  b i p h a s i c  p u l s e s  i n s t e a d  o f  t h e  c o m p r e s s e d  
a n a l o g  s i g n a l s  of t h e  p r e v i o u s  s t ra tegies .  The p u l s e  a m p l i t u d e s  
are de termined  by a compression law of t h e  form: 

p u l s e  i n t e n s i t y  = A x log(RNS l e v e l )  + k, 

where  p a r a m e t e r s  "A" a n d  "k" a re  p r e s e t  f o r  e a c h  c h a n n e l  
a c c o r d i n g  t o  t h e  t h r e s h o l d  and uncomfor t ab le  l o u d n e s s  l e v e l  (UCL) 
f o r  p u l s e s  on t h a t  c h a n n e l .  The d u r a t i o n  of  a l l  p u l s e s  i s  300 
p s e c / p h a s e ,  w h i c h  a l l o w e d  u s  t o  s p a n  t h e  d y n a m i c  r a n g e  on a l l  
c h a n n e l s  f o r  p a t i e n t  LP (200 psec /phase  was t o o  s h o r t ) .  F i n a l l y ,  
t h e  p u l s e s  a r e  i n t e r l e a v e d  s o  t h a t  t h e  o n s e t  o f  a p u l s e  on o n e  
channe l  n e v e r  f o l  lows t h e  o f f s e t  of a p u l s e  on a n o t h e r  channe l  
w i t h i n  a n  i n t e r v a l  o f  l e s s  t h a n  1 msec. B e c a u s e  s h o r t - t e r m  
tempora l  i n t e g r a t i o n  d e c l i n e d  r a p i d l y  a t  and  beyond 1 msec f o r  
LP, w e  hoped t h i s  i n t e r l e a v i n g  of s t i m u l i  would r educe  temporal  
i n t e r a c t i o n s  between c h a n n e l s .  
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a p p r e c i a t e  i n  t h e  highly-compressed mapped s t i m u l i  shown i n  F ig .  5, e v e r y  

s e c o n d  o r  t h i r d  p u l s e  h a s  a n  a m p l i t u d e  g rea t e r  t h a n  i t s  n e i g h b o r s  i n  t h e  

u p p e r - r i g h t  p a n e l  (wh ich  shows a v o i c e d  i n t e r v a l ) .  O b v i o u s l y ,  t h i s  

We a re  p l e a s e d  t o  r e p o r t  t h a t  t h e  p e r c e p t s  e l i c i t e d  w i t h  p r o c e s s i n g  

s t r a t e g y  3 were a l l  i n  t h e  " s p e e c h  mode," t h a t  mos t  of  t h e  t o k e n s  i n  t h e  

vowel confus ion  matrix were spon taneous ly  recognized  as  t h e  c o r r e c t  words,  

and  t h a t  h a l f  o f  t h e  t e s t e d  t o k e n s  i n  t h e  c o n s o n a n t  c o n f u s i o n  m a t r i x  were 

I s p o n t a n e o u s l y  r e c o g n i z e d  a s  t h e  c o r r e c t  words .  The improvemen t  o v e r  

p r o c e s s i n g  s t r a t e g y  2 was immediate and compe 1 1  ing.  Moreover,  t h e  mapping 

r u l e s  of  s t r a t e g y  3 p r o d u c e d  ( f o r  t h e  f i r s t  t ime)  a t o l e r a b l e  r a n g e  of  

loudnesses  a c r o s s  tokens .  Although formal  tests were n o t  conducted, t h e s e  

loudnesses  a l s o  appeared  t o  h a v e  f a r  g r e a t e r  s t a b i l i t y  t h a n  the  loudnesses  

of t okens  produced wi th  s t r a t e g y  2. In  a l l ,  it was c l ea r  t o  u s  and c lear  t o  

t h e  p a t i e n t  t h a t  s p e e c h  i n f o r m a t i o n  was making i t s  way o n t o  t h e  n e r v e .  A 

r eco rd  of L P ' s  i n i t i a l  r e p o r t s  i n  l i s t e n i n g  t o  t h e  o u t p u t s  of p rocesso r  3 is 

p r e s e n t e d  i n  T a b l e  2. Of t h e  11 tokens  p re sen ted  a f t e r  ou r  f i r s t  ad jus tment  

of p rocesso r  o u t p u t s ,  7 were immedia te ly  and spon taneous ly  recognized  as t h e  

c o r r e c t  words .  U n f o r t u n a t e l y ,  time r a n  o u t  i n  t h e  s e s s i o n  b e f o r e  w e  were 

a b l e  t o  conduct  formal  tests on vowel and consonant  confus ions .  

The appa ren t  confus ions  between "ASA," "AZA" and o t h e r  consonant  p a i r s  

(see T a b l e  2 ) .  a n d  t h e  p o s s i b l e  n e e d  t o  f i t  LP w i t h  a n  e x t r a c o c h l e a r  

e l e c t r o d e  ( w e  were i n f o r m e d  t h a t  LP m i g h t  h a v e  t o  h a v e  h i s  i n t r a c o c h l e a r  

d e v i c e  removed d u e  t o  p o t e n t i a l  i n f e c t i o n ) ,  l e d  u s  t o  t h e  d e s i g n  a n d  

s i m u l a t i o n  of s t r a t e g y  4 ,  i n  which w e  sought  a b e t t e r  r e p r e s e n t a t i o n  of t h e  

e x c i t a t i o n  of t h e  v o c a l  t r a c t .  A r e l a t i v e l y - n e w  t e c h n i q u e  of s p e e c h  

a n a l y s i s ,  " m u l t i p u l s e  e x c i t a t i o n , "  was a p p l i e d .  T h e  d e r i v a t i o n  of  

m u l t i p u l s e  e x c i t a t i o n  waveforms i s  i l l u s t r a t e d  i n  F ig .  6. F i r s t .  t h e  l i n e a r  

p r e d i c t i o n  (LP) r e s i d u a l  s i g n a l  i s  extracted from a high-order  (e.g., 10)  LP 

a n a l y s i s  of t h e  speech wave. Then procedures  s imilar  t o  t h o s e  desc r ibed  by 

A t a l  a n d  Remde (1982)  a r e  u s e d  t o  d e r i v e  a s e q u e n c e  o f  b a l a n c e d  b i p h a s i c  

p u l s e s  whose ampl i tudes  and p o s i t i o n s  i n  time cor respond t o  p e r c e p t u a l l y -  

s i g n i f i c a n t  e v e n t s  i n  t h e  LP r e s i d u a l  s i g n a l .  A s  b e f o r e ,  t h e  d u r a t i o n  o f  

t h e  p u l s e s  i s  3 0 0 p s e c / p h a s e  and  no p u l s e  f o l l o w s  a n o t h e r  w i t h i n  1 msec. 

The LP r e s i d u a l  and m u l t i p u l s e  e x c i t a t i o n  sequence f o r  t h e  token  "BOUGHT" 
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Table 2. Initial reports made by LP in listening to the outputs o f  

processor 3.  

BOOT 

BOUGHT 

BOAT 

B I T  

BEET 

ADA 

AKA 

ANA 

ASA 

ATA 

AZA 

near threshold ("not loud enough to make it out") 

spon tane ou s r ec ogni t ion ("a perfect 'BOUGHT'") 

spontaneous recognition ("you're saying 'BOAT'; the 
sound is nice and has a good loudness") 

spontaneous recognition 

spontaneous recognition ("the 'EE'  is high in pitch; the 

word 'BEET' is very clear") 

spontaneous recognition ("close to 'ATA', but is 

clearly 'ADA';  that's a good ' A D A ' " )  

not recognized ("could be 'ADA' o r  ' A T A ' " )  

spontaneous recognition ("sounds just 1 ike 'ANA'; a 

beautiful 'ANA'!") 

not recognized ("can't tell") 

spontaneous recognition 

not recognized ("could be ' A S A '  or 'AZA' ;  there's n o  way 

I could tell the difference between those two") 

* Note: Tokens 'ALA' and 'ATHA' were not presented in the initial tests with 

processor 3 .  
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1.1 

F i g .  6 .  D e r i v a t i o n  of " m u l t i p u l s e  e x c i t a t i o n "  waveforms. The u p p e r - l e f t  
p a n e l  shows t h e  l i n e a r - p r e d i c t i o n  r e s i d u a l  s i g n a l  f o r  a 1 0 t h -  
o r d e r  model  of t h e  i n p u t  s p e e c h  t o k e n  "BOUGHT"  ( t o p  t r a c e )  a n d  
t h e  d e r i v e d  mu1 t i p u l s e  e x c i t a t i o n  s e q u e n c e  ( b o t t o m  t r a c e ;  see 
A t a l  a n d  Remde, 1 9 8 2 ) .  The p u l s e s  i n  t h e  m u l t i p u l s e  e x c i t a t i o n  
s e q u e n c e  a r e  300 p s e c / p h a s e ,  b a l a n c e d  b i p h a s i c  p u l s e s ,  a s  i n  
s t r a t e g y  3 (Fig.  5 ) .  A s  b e f o r e ,  no p u l s e  f o l l o w s  a n o t h e r  w i t h i n  
1 msec ,  a n d  no  more t h a n  6 p u l s e s  a r e  s e l e c t e d  f o r  e a c h  10 msec 
frame. The l o w e r - l e f t  p a n e l  shows a d e t a i l  of waveforms t y p i c a l  
of v o i c e d - s p e e c h  segments. The u p p e r  t r a c e  is  t h e  raw s p e e c h  
waveform, t h e  midd le  trace i s  t h e  LP r e s i d u a l  of t h i s  waveform, 
a n d  t h e  b o t t o m  t r a c e  i s  t h e  m u l t i p u l s e  e x c i t a t i o n  s e q u e n c e  f o r  
t h i s  r e s i d u a l  s i g n a l .  N o t e  t h a t  t h e  m u l t i p u l s e  e x c i t a t i o n  
sequence is h i g h l y  p e r i o d i c  and r e f l e c t s  w e l l  t h e  major  p e r i o d i c  
e v e n t s  i n  t h e  LP r e s i d u a l  and i n p u t  speech  waveforms. F i n a l l y ,  
t h e  u p p e r - r i g h t  p a n e l  shows a d e t a i l  of w a v e f o r m s  t y p i c a l  o f  
u n v o i c e d  s p e e c h .  The w a v e f o r m s  a r e  c e n t e r e d  o n  t h e  "T" o f  
"BOUGHT." Here, t h e  raw s p e e c h ,  LP r e s i d u a l  a n d  m u l t i p u l s e  
e x c i t a t i o n  s i g n a l s  a r e  a p e r i o d i c  a n d  t h e i r  a m p l i t u d e s  a r e  
g e n e r a l l y  l e s s  t h a n  t h e  c o r r e s p o n d i n g  s i g n a l s  o f  t h e  v o i c e d -  
speech p a n e l .  The lower - r igh t  pane l  is a magni f ied  view of t h e  
u p p e r - r i g h t  p a n e l ,  t o  i l  l u s t r a t e  b e t t e r  t h e  c h a r a c t e r i s t i c s  of 
t h e  m u l t i p u l s e  e x c i t a t i o n  sequence found for unvoiced  consonants .  
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are  shown i n  t h e  u p p e r - l e f t  p a n e l  of F i g .  6. Detai ls  of t h e s e  waveforms and 

t h e  i n p u t  speech waveforms are shown i n  t h e  remaining p a n e l s  of t h e  f i g u r e .  

The l o w e r - l e f t  pane l  p r e s e n t s  wavefo rms  t y p i c a l  of v o i c e d  s p e e c h .  These  

wavefo rms  d e m o n s t r a t e  t h a t  t h e  m u l t i p u l s e  e x c i t a t i o n  s e q u e n c e  i s  h i g h l y  

p e r i o d i c  f o r  v o i c e d  s p e e c h  and  t h a t  i t  r e f l e c t s  w e l l  t h e  m a j o r  p e r i o d i c  

e v e n t s  i n  t h e  LP r e s i d u a l  and i n p u t  speech waveforms. The r i g h t  p a n e l s  show 

d e t a i l s  o f  wave fo rms  t y p i c a l  of  u n v o i c e d  s p e e c h ;  h e r e ,  t h e  raw s p e e c h ,  LP 

r e s i d u a l  a n d  m u l t i p u l s e  e x c i t a t i o n  s i g n a l s  a r e  a p e r i o d i c  and  t h e i r  

a m p l i t u d e s  a r e  g e n e r a l l y  l e s s  t h a n  t h e  a m p l i t u d e s  of  t h e  c o r r e s p o n d i n g  

s i g n a l s  for v o i c e d  s p e e c h  s o u n d s .  I n  a l l ,  t h e  m u l t i p u l s e  e x c i t a t i o n  

sequence r e p r e s e n t s  w e l l  t h e  fundamental  f requency  of vo iced  speech sounds 

and whether  t h e  p r e s e n t  speech sound i s  vo iced  o r  unvoiced  ( o r  a mixture  of 

t h e  two). In  a d d i t i o n ,  some in fo rma t ion  on t h e  a m p l i t u d e  of e x c i t a t i o n  of 

t h e  v o c a l  t r a c t  is p r e s e n t  i n  t h e  m u l t i p u l s e  sequence. 

A p p l i c a t i o n  of t h e  d e r i v e d  m u l t i p u l s e  e x c i t a t i o n  sequence i n  a speech 

p r o c e s s o r  f o r  a n  a u d i t o r y  p r o s t h e s i s  i s  i l l u s t r a t e d  i n  F i g .  7. T h i s  

s t r a t e g y  ( s t r a t e g y  4 )  s e l e c t s  c h a n n e l s  f o r  ou tpu t  t o  t h e  e l e c t r o d e  a r r a y ,  as 

i n  s t r a t eg ie s  2 and  3 ,  b u t  p r e s e n t s  t h e  m u l t i p u l s e  e x c i t a t i o n  s e q u e n c e  

i n s t e a d  o f  c o m p r e s s e d  a n a l o g  s i g n a l s  ( s t r a t e g y  2 )  o r  r i g i d l y - p e r i o d i c  

b i p h a s i c  p u l s e s  ( s t r a t e g y  3 ) .  A s  w i t h  s t r a t e g y  3 ,  t h e  p u l s e s  of t h e  

m u l t i p u l s e  e x c i t a t i o n  s e q u e n c e  a r e  i n t e r l e a v e d  f o r  t h e  two s e l e c t e d  

channe l s .  However, t h e  minimum time i n t e r v a l  between t h e  o f f s e t  of a p u l s e  

on one channe l  and t h e  o n s e t  of t h e  n e x t  p u l s e  on a n o t h e r  channe l  is reduced 

t o  400 psec,  i n  o r d e r  t o  p r e s e r v e  t h e  c h a r a c t e r  of t h e  m u l t i p u l s e  e x c i t a t i o n  

sequence. F i n a l l y ,  t h e  p u l s e s  are  mapped o n t o  t h e  psychophys ica l  space  of 

t h e  i m p l a n t  s u b j e c t  w i th  a compression law of t h e  form: 

p u l s e  i n t e n s i t y  = A x log (mul t ipu1se  e x c i t a t i o n  l e v e l )  f k ,  

where parameters  "A" and "k" are s p e c i f i e d  f o r  each channel  acco rd ing  t o  t h e  

t h r e s h o l d  a n d  UCL f o r  p u l s e s  on t h a t  c h a n n e l  (see T a b l e  1). T h i s  

c o m p r e s s i o n  l a w  d i f f e r s  f r o m  t h e  o n e  u s e d  f o r  s t r a t e g y  3 i n  t h a t  t h e  

m u l t i p u l s e  e x c i t a t i o n  l e v e l  i s  r e p r e s e n t e d  i n s t e a d  of t h e  RMS energy l e v e l  

i n  t h e  s e l e c t e d  c h a n n e l s .  Thus ,  o n e  m i g h t  e x p e c t  t h a t  s t r a t e g y  4 would  

p r o v i d e  a b e t t e r  r e p r e s e n t a t i o n  of v o c a l - t r a c t  e x c i t a t i o n  than  strategy 3,  

b u t  o n l y  a t  t h e  expense of i n c r e a s e d  tempora l  o v e r l a p  between c h a n n e l s  and 

n o  r e p r e s e n t a t i o n  o f  t h e  r e l a t i v e  RMS l e v e l s  b e t w e e n  t h e  two s e l e c t e d  
* 
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F i g .  7 .  D i s p l a y s  of o u t p u t s  f o r  s p e e c h - p r o c e s s i n g  s t r a t e g y  4 used  w i t h  
p a t i e n t  LP. T h i s  s t r a t e g y  s e l e c t s  c h a n n e l s  f o r  o u t p u t  t o  t h e  
e l e c t r o d e  a r r a y ,  as  i n  s t r a t e g i e s  2 and  3 ,  b u t  p r e s e n t s  t h e  
m u l t i p u l s e  e x c i t a t i o n  s e q u e n c e  i n s t e a d  o f  c o m p r e s s e d  a n a l o g  
s i g n a l s  ( s t r a t e g y  2 )  o r  r i g i d l y - p e r i o d i c  b i p h a s i c  p u l s e s  
( s t r a t e g y  3 ) .  The m u l t i p u l s e  e x c i t a t i o n  s e q u e n c e  i s  d e r i v e d  
u s i n g  t h e  p r o c e d u r e s  i l l u s t r a t e d  i n  F i g .  6 ,  and  e a c h  p u l s e  i s  
mapped on to  t h e  psychophys ica l  space  of t h e  i m p l a n t  p a t i e n t  w i t h  
a compression law of t h e  form: 

p u l s e  i n t e n s i t y  = A x l o g ( m u l t i p u 1 s e  e x c i t a t i o n  l e v e l )  + k,  

where  p a r a m e t e r s  " A "  and  "k" a r e  p r e s e t  f o r  e a c h  c h a n n e l  
a c c o r d i n g  t o  t h e  t h r e s h o l d  a n d  U C L  f o r  p u l s e s  on  t h a t  c h a n n e l .  
A s  w i t h  s t r a t e g y  3 ,  t h e  p u l s e s  of  t h e  m u l t i p u l s e  e x c i t a t i o n  
sequence are  i n t e r l e a v e d  f o r  t h e  two se lec ted  channe l s .  However, 
t h e  minimum time i n t e r v a l  be tween  t h e  o f f s e t  of  a p u l s e  on o n e  
c h a n n e l  and  t h e  o n s e t  of t h e  n e x t  p u l s e  o n  a n o t h e r  c h a n n e l  i s  
r e d u c e d  t o  400 p s e c ,  i n  o r d e r  t o  p r e s e r v e  t h e  c h a r a c t e r  of t h e  
m u l t i p ~ ? l  se e x c i t a t i o n  sequence on bo th  c h a n n e l s .  
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o u t p u t s .  

The r e s u l t s  o b t a i n e d  w i t h  s t r a t e g y  4 were g e n e r a l l y  e n c o u r a g i n g .  

F i r s t ,  and somewhat s u r p r i s i n g l y ,  s i n g l e - c h a n n e l  s t i m u l a t i o n  w i t h  t h e  g a t e d  

o u t p u t  o f  c h a n n e l  1 p r o d u c e d  s p o n t a n e o u s  r e c o g n i t i o n  o f  s e v e r a l  v o w e l  

t o k e n s .  F o r  e x a m p l e ,  when w e  " b r o u g h t  up" c h a n n e l  1 ( b y  d e c r e a s i n g  t h e  

a t t e n u a t i o n  b e t w e e n  t h e  i s o l a t e d  d r i v e r  and  e l e c t r o d e  p a i r  1-2) a t  t h e  

b e g i n n i n g  of  a s e s s i o n ,  LP w o u l d  i n s t r u c t  u s  t o  " s t o p  t h e r e !  You a l r e a d y  

h a v e  a good ' B O U G H T ' ,  b u t  t h e  ' b '  a n d  I t '  a r e  v e r y  weak." A l t h o u g h  we d i d  

n o t  h a v e  t ime t o  c o n d u c t  f o r m a l  t e s t s  t o  m e a s u r e  p e r f o r m a n c e  w i t h  t h i s  

s i n g l e - c h a n n e l  p a r a d i g m ,  i t  was o u r  s t r o n g  i m p r e s s i o n  t h a t  v o i c i n g  

i n f o r m a t i o n  was we1 1 - r e p r e s e n t e d  by t h e  m u l t i p u l s e  e x c i t a t i o n  s e q u e n c e .  

I n d e e d ,  LP r e m a r k e d  t h a t  " t h i s  p r o c e s s o r  s o u n d s  more n a t u r a l  t h a n  t h e  o n e  

you t r i e d  y e s t e r d a y "  ( s t r a t e g y  3 )  a n d  l a t e r  r emarked  t h a t  t h e  s i x  c h a n n e l  

p r o c e s s o r  u s i n g  m u l t i p u l s e  e x c i t a t i o n  sounded "even more l i k e  speech" than  

s t r a t e g y  3. LP n e v e r  d e s c r i b e d  t h e  p e r c e p t s  e l i c i t e d  w i t h  s t r a t e g y  3 as 

s p e e c h - l i k e  u n t i l  a t  l e a s t  3 of t h e  6 c h a n n e l s  had t h e i r  o u t p u t s  mapped o n t o  

h i s  dynamic range.  

S e v e r a l  v a r i a n t s  of  t h e  "mu1 t i c h a n n e l ,  mu1 t i p u l s e  e x c i t a t i o n "  p r o c e s s o r  

were t h e n  e v a l u a t e d  a l o n g  w i t h  a r e d u c e d  4 - c h a n n e l  v e r s i o n  of t h e  

" i n t e r l e a v e d  p u l s e s "  p r o c e s s o r  ( s t r a t e g y  3 ) .  The v a r i a n t s  of  t h e  

m u l t i c h a n n e l ,  m u l t i p u l s e  e x c i t a t i o n  p r o c e s s o r  i n c l u d e d  (1) a r e d u c e d  4- 

c h a n n e l  v e r s i o n ;  ( 2 )  a r e d u c e d  5 - c h a n n e l  v e r s i o n ,  i n  w h i c h  t h e  o u t p u t  t o  

t h e  m o s t - i n h i b i t o r y  o f  t h e  o r i g i n a l  6 c h a n n e l s  was d i s c o n n e c t e d ;  and  ( 3 )  

t h e  same 5-channel  s t r a t e g y  as i n  2 above ,  excep t  t h a t  o n l y  one channel  was 

s e l e c t e d  f o r  o u t p u t  a t  e a c h  t ime  f r a m e .  E v a l u a t i o n  o f  t h e  4 - c h a n n e l  

p r o c e s s o r s  was i n i t i a t e d  i n  r e s p o n s e  t o  a r e q u e s t  f r o m  t h e  UCSF team t o  

i d e n t i f y ,  as b e s t  we c o u l d  wi th  t h e  few remaining s e s s i o n s  we had wi th  LP, a 

m o r e - o r - l e s s  " o p t i m a l "  c o n f i g u r a t i o n  f o r  L P ' s  p o r t a b l e  p r o c e s s o r .  The 

r e q u e s t  was made because t h e  UCSF team needed a d d i t i o n a l  i n fo rma t ion  t o  (1 )  

make a n  informed r i s k / b e n e f i t  d e c i s i o n  on whether  t o  remove t h e  d e v i c e  ( t h e  

medica l  s i t u a t i o n  was n o t  improving)  and (2 )  d e c i d e  on which 4 e l e c t r o d e  

p a i r s  i n  t h e  a r r a y  s h o u l d  be used f o r  t h e  4-channel  t r a n s c u t a n e o u s  l i n k ,  if 

a d e c i s i o n  was made t o  l e a v e  t h e  e l e c t r o d e  a r r a y  i n  p l a c e .  The reduced 5- 

channe l  p r o c e s s o r s  were e v a l u a t e d  i n  a n  e f f o r t  t o  improve t h e  performance of 

t h e  6-channel  p r o c e s s o r s  by e l i m i n a t i n g  t h e  s t r o n g l y - i n h i b i t o r y  i n p u t s  of 

channe l  4 ( p a i r  11-12) .  F i n a l l y ,  w e  e v a l u a t e d  t h e  l a s t  5-channel  s t r a t e g y ,  

i n  wh ich  o n l y  o n e  c h a n n e l  was s e l e c t e d  f o r  o u t p u t  a t  a time, t o  g a u g e  t h e  
t 
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e f f e c t s  o f  a f u r t h e r  r e d u c t i o n  i n  t h e  s p a t i a l  and  t e m p o r a l  b a n d w i d t h s  of 

t r a n s m i s s i o n  t o  t h e  e l e c t r o d e  a r r a y  ( d i s p l a y s  of  o u t p u t s  f o r  t h i s  l a s t  

s t r a t e g y  are p resen ted  i n  Fig.  8) .  

The r e s u l t s  of  t e s t s  w i t h  r a n d o m i z e d  p r e s e n t a t i o n s  of  t o k e n s  of t h e  

vowel confus ion  matr ix  a re  summarized i n  T a b l e  3. A l l  s c o r e s  are  wel l  (and 

s i g n i f i c a n t l y )  above  chance (20%) bu t  below l e v e l s  one might e x p e c t  from t h e  

v e r y  e n c o u r a g i n g  a n e c d o t a l  r e p o r t s  w e  o b t a i n e d  w i t h  t h e  6 - c h a n n e l ,  

i n t e r l e a v e d  p u l s e s  p rocesso r  ( T a b l e  2) .  I n  a d d i t i o n ,  t h e  s c o r e s  ob ta ined  

wi th  t h e  m u l t i p u l s e  e x c i t a t i o n  p r o c e s s o r s  are n o t  S i g n i f i c a n t l y  b e t t e r  t h a n  

t h e  s c o r e  o b t a i n e d  w i t h  t h e  i n t e r l e a v e d  p u l s e s  p rocesso r .  That  is, d e s p i t e  

t h e  f a c t  t h a t  speech tokens  sounded much more " n a t u r a l "  w i th  t h e  m u l t i p u l s e  

e x c i t a t i o n  sequence,  vowel d i s c r i m i n a t i o n  i n  most cases a c t u a l l y  d e c l i n e d .  

F i n a l l y ,  we n o t e  t h a t  t h e  r e s u l t s  of t es t s  wi th  consonant  confus ion  matrices 

are o n l y  p a r t i a l l y  a n a l y z e d  a t  t h i s  time. The " p r e l i m i n a r y  r e t u r n s "  sugges t  

t h a t  c o n s o n a n t - c o n f u s i o n  s c o r e s  w i l l  b e  somewhat l o w e r  t h a n  t h e  v o w e l -  

confus ion  s c o r e s  p re sen ted  i n  T a b l e  3. 

To c o n c l u d e  t h i s  s e c t i o n  on o u r  e x p e r i e n c e  w i t h  p a t i e n t  LP,  w e  w i l l  

p r e s e n t  t h e  f o l l o w i n g  p r e l i m i n a r y  o b s e r v a t i o n s  a n d  i n t e r p r e t a t i o n s  of  

r e s u l t s  : 

a .  A l t h o u g h  some p a t i e n t s  h a v e  good o r  e x c e l l e n t  p e r f o r m a n c e  w i t h  

mu1 t i c h a n n e l  p r o c e s s o r s  t h a t  p r e s e n t  "compressed ana log"  s i g n a l s  

a t  t h e i r  o u t p u t s  (e.g., EHT, t h e  p r e v i o u s  expe r imen ta l  p a t i e n t  a t  

UCSF), o t h e r  p a t i e n t s  h a v e  m i s e r a b l e  p e r f o r m a n c e  w i t h  t h e s e  

p r o c e s s o r s ;  

b .  T h e  p a t i e n t s  who h a v e  l i t t l e  o r  n o  r e c o g n i t i o n  w i t h  t h e  

" c o m p r e s s e d  a n a l o g  o u t p u t s "  p r o c e s s o r  a re  1 i k e l y  t o  e x h i b i t  

v a r i o u s  m a n i f e s t a t i o n s  of poor  n e r v e  s u r v i v a l  and s e v e r e  channel  

i n t e r a c t i o n s :  

, 
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F i g .  8 .  D i s p l a y s  of o u t p u t s  f o r  s p e e c h - p r o c e s s i n g  s t r a t e g y  5 u s e d  w i t h  
p a t i e n t  LP. T h i s  s t r a t e g y  is t h e  same as  t h e  one i l l u s t r a t e d  i n  
Fig.  7 ( s t r a t e g y  4 ) ,  e x c e p t  t h a t  o n l y  one c h a n n e l  i s  s e l e c t e d  f o r  
o u t p u t  a t  e a c h  t ime f r a m e .  S t r a t e g y  5 h a s  g r e a t l y  r e d u c e d  
s p a t i a l  and t empora l  bandwidths of t r a n s m i s s i o n  t o  t h e  e l e c t r o d e  
a r r a y  compared t o  s t ra tegies  4 and 3. 

, 
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Table 3 .  Summary of vowel-confusion results for Several multichannel 
processing strategies. 

Strategy 

4-channel, interleaved pulses 

4-channel, multipulse excitation 
5-channel, multipulse excitation 

(one band left out) 

5-channel, multipulse excitation, 

1 channel output at a time 

(one band left out) 

%-Correct Identifications 

56 and 70* 

58 

32 and 40** 

48 

* 
Token "BOOT" was not heard for this condition; if this inaudible token is 

removed from the confusion matrix (as "not heard"), the percentage of 

correct identifications increases to 70. 

** Token "BEET" was n o t  heard for this condition; if this inaudible token is 

removed from the confusion matrix (as "not heard"), the percentage o f  

correct identifications increases to 40. 

, 
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c .  I n  t e s t s  w i t h  p a t i e n t  L P ,  r e d u c t i o n  o f  t h e  s p a t i a l  bandwid th  o f  

t r a n s m i s s i o n  of compressed a n a l o g  o u t p u t s  t o  t h e  e l e c t r o d e  a r r a y  

(by r educ ing  t h e  number of s imul t aneous  o u t p u t  c h a n n e l s  from 6 t o  

2 )  d i d  n o t  i m p r o v e  p e r f o r m a n c e  o v e r  t h e  " 6 - c h a n n e l ,  a 1  1 o u t p u t s  

on" s t r a t e g y  ( z e r o  performance f o r  bo th ) ;  

d .  An immediate and c o m p e l l i n g  i n c r e a s e  i n  speech  r e c o g n i t i o n  can be 

o b t a i n e d  ( a t  l e a s t  i n  LP a n d  p r o b a b l y  i n  p a t i e n t s  w i t h  s imi la r  

p a t t e r n s  of n e r v e  s u r v i v a l )  w i t h  a 6 - c h a n n e l  s t r a t e g y  i n  wh ich  

i n t e r l e a v e d  p u l s e s  are  d e l i v e r e d  t o  t h e  two c h a n n e l s  t h a t  have  t h e  

h i g h e s t  RMS energy  i n  each time frame ( s t r a t e g y  3); 

e .  Use of t h e  m u l t i p u l s e  e x c i t a t i o n  sequence (s t ra tegies  4 and 5) can 

improve t h e  "na tu ra lness"  of speech p e r c e p t s  and a p p a r e n t l y  a l s o  

can convey much in fo rma t ion  o v e r  a s i n g l e  channe l  of s t i m u l a t i o n ;  

f .  However, performance on speech  tests i s  i n  g e n e r a l  lower wi th  t h e  

" m u l t i c h a n n e l ,  m u l t i p u l s e  e x c i t a t i o n "  s t r a t e g i e s  t h a n  w i t h  t h e  

" m u l t i c h a n n e l ,  i n t e r l e a v e d  p u l s e s "  s t r a t e g y ,  p o s s i b l y  because t h e  

RMS energy  l e v e l s  i n  t h e  s e l e c t e d  c h a n n e l s  are  n o t  r ep resen ted  i n  

t h e  former ;  

g. A h y b r i d  a p p r o a c h ,  i n  wh ich  t h e  m a g n i t u d e s  of p u l s e s  i n  t h e  

m u l t i p u l s e  e x c i t a t i o n  sequence a r e  c o n v o l v e d  wi th  t h e  magnitudes 

of RMS energies i n  t h e  c h a n n e l s ,  might produce na tu ra l - sound ing  

s p e e c h  w i t h  good d i s c r i m i n a t i o n  of  v / u v  b o u n d a r i e s  and  f o r m a n t  

f r e q u e n c i e s ;  

h .  Many more t es t s  are  o b v i o u s l y  r e q u i r e d  t o  conf i rm and extend t h e s e  

p r e l i m i n a r y  ( b u t  encouraging)  f i n d i n g s ;  

i .  T o o l s  w i t h  t h e  power a n d  f l e x i b i l i t y  of  RTI's b l o c k - d i a g r a m  

compi l e r  (and a s s o c i a t e d  so f tware  and hardware)  a r e  e s s e n t i a l  t o  

q u i c k  and  p r o d u c t i v e  r e a c t i o n s  t o  t h e  s i t u a t i o n s  p r e s e n t e d  b y  

i n d i v i d u a l  i m p l a n t  p a t i e n t s ;  and 

, 
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j. It is highly likely, in our opinion, that different processing 

strategies will be required for patients with different classes of 

neural pathology. 
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111. P l a n s  f o r  t h e  Next Quarter 

The most impor tan t  a c t i v i t y  f o r  t h e  nex t  q u a r t e r  w i l l  be t h e  conduct of 

tests wi th  t h e  f i r s t  imp lan t  p a t i e n t  a t  Duke Medical Center .  We expec t  t h a t  

t h i s  p a t i e n t  w i l l  be implanted  d u r i n g  t h e  l a s t  week of September and t h a t  

our  tests wi th  h e r  w i l l  beg in  i n  mid October.  Before t e s t i n g  commences w e  

p l a n  t o  ( 1 )  r e v i s e  and  expand  t h e  s o f t w a r e  f o r  p s y c h o p h y s i c a l  and  s p e e c h  

tests accord ing  t o  t h e  l e s s o n s  w e  have  l e a r n e d  from our  expe r i ence  wi th  t h e  

l a s t  two p a t i e n t s  a t  UCSF; ( 2 )  d e v e l o p  f u r t h e r  t h e  so f tware  f o r  t h e  b lock-  

diagram c o m p i l e r ,  as o u t l i n e d  i n  Appendix 1; (3) modify somewhat t h e  d e s i g n  

of t h e  h a r d w a r e  i n t e r f a c e  be tween  t h e  E c l i p s e  c o m p u t e r  a n d  i m p l a n t e d  

e l e c t r o d e s ,  t o  r e d u c e  f u r t h e r  t h e  l e v e l s  of l e a k a g e  c u r r e n t  and  t o  a d d  

"manua l "  c o n t r o l s  f o r  a t t e n u a t i o n  of c h a n n e l  o u t p u t s ;  ( 4 )  c o m p l e t e  

c o n s t r u c t i o n  and checkout  of t h e  a n a l o g - t o - d i g i t a l  c o n v e r t e r  s i d e  o f  t h e  

h a r d w a r e  i n t e r f a c e ,  t o  a1 low u s  t o  m e a s u r e  i n t r a c o c h l e a r  p o t e n t i a l s  w i t h  

t h i s  p a t i e n t ;  and  (5) i n s t a l l  and  v e r i f y  t h e  c o r r e c t  o p e r a t i o n  o f  a l l  

remain ing  components i n  t h e  coch lea r - implan t  l a b o r a t o r y  a t  Duke. 

F i n a l l y ,  i n  a d d i t i o n  t o  t h e s e  a c t i v i t i e s ,  w e  p l a n  t o  p r e s e n t  v a r i o u s  

a s p e c t s  of our  work a t  major confe rences  on c o c h l e a r  i m p l a n t s  and r e l a t e d  

t o p i c s .  Scheduled p r e s e n t a t i o n s  f o r  t h e  nex t  q u a r t e r  a re  t h e  fo l lowing:  

Wi lson ,  BS and CC F i n l e y :  Speech p rocesso r s  f o r  a u d i t o r y  p ros theses .  

I n v i t e d  p a p e r  t o  b e  p r e s e n t e d  i n  t h e  s p e c i a l  s e s s i o n  on  s i g n a l  

p r o c e s s i n g  f o r  t h e  h e a r i n g  i m p a i r e d ,  I E E E  Bioengineer inE Conf., 

S e p t .  27-30, 1985; 

F i n l e y ,  C C  a n d  BS W i l s o n :  M o d e l s  o f  n e u r a l  s t i m u l a t i o n  f o r  

e l e c t r i c a l l y  evoked hea r ing .  I n v i t e d  paper  t o  be p r e s e n t e d  i n  t h e  

s p e c i a l  s e s s i o n  on n e u r o s t i m u l a t i o n ,  ACEMB Meet ing,  Sept .  30-Oct. 

2 ,  1985; 

F i n l e y ,  CC and BS Wilson: A s i m p l e  f i n i t e - d i f f e r e n c e  model of f i e l d  

p a t t e r n s  p r o d u c e d  by b i p o l a r  e l e c t r o d e s  o f  t h e  UCSF a r r a y .  

I n v i t e d  paper  t o  be p re sen ted  a t  t h e  s p e c i a l  s e s s i o n  on c o c h l e a r  

imp lan t s ,  IEEE Bioeng inee r ing  Conf . ,  S e p t .  27-30. 1985. 

, 
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Appendix 1 

Present Status and Functional 

Description of the Block-Diagram Compiler . 
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PREFACE 

Because we have received many requests for current information on the 

development (and further development) of the block-diagram compiler, we 

present in this appendix descriptions of the present status a n d  

specifications of each major module in the system. 
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1. I n t r o d u c t i o n  

The block-diagram compi l e r  and a s s o c i a t e d  so f tware  a r e  i n  an advanced 

s t a t e  of development .  A t  p r e s e n t ,  a l l  c o r e  programs l i s t e d  be low i n  T a b l e  

A . l . l  h a v e  b e e n  w r i t t e n ,  d e b u g g e d ,  a n d  u s e d  t o  s i m u l a t e  v a r i o u s  s p e e c h -  

p r o c e s s i n g  s t ra tegies  i n  tes ts  wi th  an  implan t  p a t i e n t .  I n  a d d i t i o n ,  a l l  

modules l i s t e d  i n  t h e  main menus of t h e  DESIGN program (see below) have  been 

w r i t t e n  a n d  debugged  as  s t a n d - a l o n e  p rograms .  O u r  g e n e r a l  p r o c e d u r e  f o r  

i n c o r p o r a t i n g  a new module i n t o  t h e  block-diagram compi l e r  i s  t o  (1) write 

a n d  d e b u g  t h e  modu le  i n  s t a n d - a l o n e  fo rm s o  t h a t  i t  can b e  e v a l u a t e d  a n d  

r e f i n e d  independen t ly  of t h e  complex l o g i c  of programs DESIGN and EXECUTE; 

( 2 )  i n c o r p o r a t e  d i a l o g ,  d i s p l a y s  a n d  l o g i c  w i t h i n  DESIGN t o  a l l o w  t h e  

i n v e s t i g a t o r  t o  s p e c i f y  t h e  f u n c t i o n  w i t h  a p p r o p r i a t e  f e e d b a c k  o n  

p e r f o r m a n c e  a n d  d e s i g n  p a r a m e t e r s ;  a n d  ( 3 )  i n c o r p o r a t e  t h e  a l g o r i t h m  o r  

"engine" t o  execute t h e  f u n c t i o n  w i t h i n  EXECUTE w i t h  code t h a t  i s  c o n s i s t e n t  

w i t h  t h e  l o g i c  of  EXECUTE a n d  t h a t  i s  o p t i m i z e d  f o r  s p e e d  of  c o m p u t a t i o n .  

T h i s  p rocedure  has  been f u l l y  implemented f o r  abou t  h a l f  of t h e  f u n c t i o n s  

l i s t e d  i n  t h e  main menus o f  t h e  DESIGN program.  The f u n c t i o n s  now f u l l y  

implemented i n c l u d e  a l l  t h o s e  n e c e s s a r y  f o r  comple te  s i m u l a t i o n  of t h e  b a s i c  

UCSF speech  p r o c e s s o r ,  var ian ts  of t h i s  p r o c e s s o r ,  and several  m u l t i c h a n n e l  

s t ra teg ies  t h a t  u s e  p u l s a t i l e  s t i m u l a t i o n .  

2. DSP Func t ions  

The  m a j o r  c a t e g o r i e s  o f  m o d u l e s  i n  t h e  b l o c k - d i a g r a m  c o m p i l e r  a r e  

i n d i c a t e d  i n  t h e  main menus o f  t h e  DESIGN program.  T h e s e  menus a r e  

p r e s e n t e d  i n  F i g .  A . l . l .  The f i r s t  m a j o r  c a t e g o r y  i s  f o r  "DSP" ( d i g i t a l  

s igna l  p r o c e s s i n g )  modules and i n c l u d e s  t h e  f u n c t i o n s  of f i l t e r i n g ,  F o u r i e r  

a n a l y s i s ,  c e p s t r a l  a n a l y s i s  and d a t a  windowing. A s  d e s c r i b e d  i n  some d e t a i l  

o n  p a g e s  23 -28  i n  o u r  4 t h  q u a r t e r l y  r e p o r t ,  s p e c i f i c a t i o n  a n d  s u b s e q u e n t  

e x e c u t i o n  of c l a s s i c  I I R  ( " i n f i n i t e  d u r a t i o n  impu l se  response")  f i l ters  are 

f u l l y  i n c o r p o r a t e d  i n t o  t h e  b l o c k - d i a g r a m  c o m p i l e r .  The p r e s e n t  s e t  o f  

o p t i o n s  f o r  f i l t e r  d e s i g n  i n c l u d e  t h e  s p e c i f i c a t i o n  o f  (1) l o w p a s s ,  

h ighpass  o r  bandpass response ;  ( 2 )  t h e  c lass  of f i l t e r  r e sponse ,  where t h e  

c h o i c e s  i n c l u d e  B u t t e r w o r t h ,  Chebychev  and  e l  l i p t i c  f u n c t i o n s ;  (3) t h e  

b r e a k  f r e q u e n c y  o r  f r e q u e n c i e s ;  a n d  ( 4 )  a d i r e c t  o r  i n d i r e c t  i n p u t  o f  

f i l t e r  o r d e r .  Because f i l t e r  c a l c u l a t i o n s  are a l l  done wi th  f l o a t i n g - p o i n t  
t 
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Table A.l.l. Programs Used in the Block-Diagram Simulator 

CPEXEC 

DESIGN 

MOD I FY 

PREPARE 

EXECUTE 

-- executive program for managing communications between and 

execution of other programs in the set; 

-- program for the design of a signal-processing system, in 

which the user specifies the function and position of each 

block within a network of blocks; 

-- program to modify signal-processing systems previously 

defined by program DESIGN; 

-- program that transforms the files generated by program 

DESIGN into files that are used by program EXECUTE; 

-- program that executes the simulation of a signal-processing 

system; 

SHOWNTELL -- program for display of outputs generated by EXECUTE, either 

as graphs on the computer console o r  as acoustic signals 

produced over the D/A converter; 

SAMPLE -- program to sample speech and other data with the A/D 

converter, and to store these data on disk in contiguous 

files with identifying headers; 

ASNELEC -- program t o  assign electrode channels-to receive data from 

the outputs of EXECUTE, and to transform these data into the 
format required for control of and communication with the 

hardware interface interface between the computer and 

implanted electrodes; 

TEST -- program to send data out to the electrodes from the files 

generated by program ASNELEC, and to monitor and log 

patient responses to processed speech stimuli. 
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numbers ,  u s e r - s p e c i f i e d  f r e q u e n c i e s  f o r  p a s s b a n d  e d g e s  a n d  c e n t e r  

f r e q u e n c i e s  can be p r e c i s e l y  approximated so l ong  as t h e  Nyquist  c r i t e r i o n  

i s  s a t i s f i e d  ( i . e . ,  t h e s e  f r e q u e n c i e s  must  b e  l e s s  t h a n  o n e - h a l f  o f  t h e  

sampl ing  f requency) .  L i m i t s  on f i l t e r  o r d e r  depend on t h e  c l a s s  of f i l t e r  

r e sponse  and t h e  proximi ty  of bandpass edges t o  t h e  Nyquist  frequency. I n  

g e n e r a l ,  h o w e v e r ,  t h e s e  l imi t s  a r e  a r b i t r a r i l y  h i g h  f o r  t h e  p r e s e n t  

a p p l i c a t i o n  and a lways  exceed a n  o r d e r  of 8 f o r  f i l t e r s  t h a t  have  passband 

edges a t  l ea s t  10% below t h e  Nyquist  f requency.  

P l a n s  f o r  f u r t h e r  development  of t h e  f i l t e r  f u n c t i o n s  f o r  t h e  b lock -  

diagram compi l e r  i n c l u d e  i n c o r p o r a t i o n  of I I R  f i l t e r s  w i th  u s e r - s p e c i f i e d  

l o c a t i o n s  of p o l e s  and z e r o s  i n  t h e  s and z p l a n e s  ( t r ans fo rma t ion  from s t o  

z p l a n e s  is accomplished u s i n g  t h e  b i l i n e a r  t r ans fo rm)  and inco rpora t ion  of 

v a r i o u s  F I R  ( f i n i t e  i m p u l s e  r e s p o n s e )  f i l t e r s ,  p r i m a r i l y  t o  a c h i e v e  

m a x i m a l l y - f l a t  group d e l a y s  w i t h i n  t h e  f i l t e r  passbands.  The code f o r  t h e  

remain ing  IIR f i l t e r  w i l l  be drawn from an e x i s t i n g  s t and-a lone  program and 

t h e  c o d e  f o r  t h e  F I R  f i l t e r s  w i l l  b e  drawn f rom p rograms  p u b l i s h e d  by  

M c C l e l l a n  et g .  (1979) .  R a b i n e r  et g. (1979)  a n d  Kaiser  (1979) .  T h e s e  

l a t t e r  programs are p a r t  of t h e  IEEE l i b r a r y  of programs f o r  d i g i t a l  s ignal  

p r o c e s s i n g  and  h a v e  been  u s e d  i n  o u r  l a b o r a t o r y  f o r  many y e a r s  as s t a n d -  

a l o n e  programs. 

The next  f u n c t i o n  i n  t h e  DSP ca t egory  is t h a t  of F o u r i e r  a n a l y s i s .  The 

"engine"  f o r  F o u r i e r  a n a l y s i s ,  c a l l e d  by many p r o g r a m s  i n  o u r  comput ing  

f a c i l i t y ,  is a f a s t - F o u r i e r  t r ans fo rm (FFT) a l g o r i t h m  t h a t  is opt imized f o r  

speed of execu t ion  i n  t h e  assembly  language of ou r  E c l i p s e  computers. Th i s  

s u b r o u t i n e  h a s  b e e n  u s e d  f o r  many a n d  v a r i e d  t a s k s  o v e r  t h e  l a s t  10 y e a r s  

i n c l u d i n g  s p e c t r a l  a n a l y s e s  of  b a t  s o n a r  p u l s e s ,  s p e e c h  s i g n a l s  and  

cochlear -microphonic  waveforms. Examples of such a n a l y s e s  are presented  on 

t h e  f o l l o w i n g  p a g e s  i n  F i g s .  A.1.2-A.1.4. O p t i o n s  f o r  FFT a n a l y s i s  w i t h i n  

t h e  c o n s t r u c t  of t h e  b l o c k - d i a g r a m  c o m p i l e r  a r e  l i s t e d  i n  T a b l e  A.1.2. 

Thes2  o p t i o n s  more t h a n  encompass  t h e  range n o r m a l l y  u s e d  f o r  s p e e c h  

a n a l y s i s .  F o r  e x a m p l e ,  s p e e c h  s p e c t r o g r a m s  u s u a l l y  h a v e  f r e q u e n c y  

r e s o l u t i o n s  t h a t  approximate 300 Hz and 45 Hz; t h e s e  r e s o l u t i o n s  correspond 

t o  o p t i o n s  1 and  4 i n  T a b l e  A . 1 . 2  f o r  t h e  assumed s a m p l i n g  f r e q u e n c y  of 1 0  

kHz . 
Next i n  t h e  s e r i e s  o f  f u n c t i o n s  l i s t e d  i n  t h e  DSP c a t e g o r y  i s  t h e  

"cepstrum a n a l y z e r . "  T h i s  f u n c t i o n  implements a "homomorphic deconvo lu t ion"  

of t h e  speech waveform i n  which parameters  d e s c r i b i n g  t h e  e x c i t a t i o n  of t h e  
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F i g .  A .1 .2 .  1024-point FFT of t h e  f i r s t  "i" i n  t h e  s e n t e n c e  "What time i s  

it?". The p e r i o d i c i t y  i n  t h e  spectrum r e f l e c t s  t h e  harmonic 

s t r u c t u r e  of g l o t t a l  e x c i t a t i o n  f o r  v o i c e d  speech sounds, and 

t h e  b r o a d  p e a k s  r e f l e c t  t h e  f o r m a n t s  o f  t h i s  v o w e l .  The 

smooth  c u r v e  s h o w i n g  t h e  f o r m a n t  s t r u c t u r e  w i t h o u t  t h e  

" c l u t t e r "  o f  t h e  FFT was o b t a i n e d  w i t h  a 1 2 - c o e f f i c i e n t  

l i n e a r - p r e d i c t i o n  model of t h e  d a t a .  
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F i g .  A . 1 . 3 .  S p e c t r o g r a m  o f  t h e  s e n t e n c e  "What time i s  it?". The h i g h  

r e s o l u t i o n  i n  f requency  a f f o r d e d  by s e l e c t i o n  of a 256 p o i n t  

FFT s h o w s  c l e a r l y  t h e  h a r m o n i c  s t r u c t u r e  of  v o i c e d  s p e e c h  

s o u n d s .  However ,  r a p i d  c h a n g e s  i n  t h e  s p e c t r u m  d u e  t o  

i n d i v i d u a l  g l o t t a l  p u f f s  are  n o t  r e s o l v e d .  Such a temporal  

s t r u c t u r e  i s  r e f l e c t e d  i n  6 4  a n d  1 2 8  p o i n t  FFTs f o r  t h i s  

s e n t e n c e .  D i s p l a y  parameters f o r  t h e  g e n e r a t i o n  of a n  

a r t i f i c i a l  g r a y  s ca l e  are  t h o s e  f i r s t  d e s c r i b e d  by Strong and  

Palmer (1975).  

3 6  
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F i g .  A . 1 . 4 .  F r e q u e n c y  a n a l y s i s  of  t h e  s o n a r  p u l s e  o f  t h e  mus tache  b a t ,  

P t e r o n o t u s  p .  p a r n e l l i i .  The u p p e r  t r a c e  shows t h e  time 

wavefo rm,  and  t h e  d a t a  p r e s e n t e d  i m m e d i a t e l y  b e l o w  i t  a re  

s e q u e n t i a l  FFTs p l o t t e d  i n  a p e r s p e c t i v e  d i s p l a y .  Hidden  

l i n e s  a r e  removed. The informat ion  p resen ted  a t  t h e  r i g h t  of 

t h e  p e r s p e c t i v e  d i s p l a y  shows t h e  a m p l i t u d e s  ( t o p  4 traces) 

and f r e q u e n c i e s  (bottom 4 traces) of t h e  major components i n  

t h e  waveform. S i g n i f i c a n t  e v e n t s  i n  t h e s e  t races  are marked 

by d o t t e d  l i n e s ,  and v a l u e s  a t  t h e s e  e v e n t s  are  shown on t h e  

r i g h t - h a n d  s i d e  o f  t h e  f i g u r e .  F i n a l l y ,  t h e  bo t tom p l o t  

shows t h e  o u t p u t  of a s o f t w a r e  p h a s e - l o c k e d  l o o p ,  i n  wh ich  

t h e  Doppler  s h i f t  of t h e  b a t ' s  c r y  and echo can be seen (from 

K o b l e r  eta., i n  p r e s s ) .  



Tab le  A.1.2. Opt ions  f o r  FFT a n a l y s i s .  E n t r i e s  f o r  f r equency  r e s o l u t i o n  

a n d  a n a l y s i s  i n t e r v a l  a r e  b a s e d  on a 1 0  kHz s a m p l i n g  

f r equency .  

ODtion - P o i n t s  R e s o l u t i o n  (Hzl 

1 32 312.5 

2 64 156.3 

3 128 78 .1  

4 256 39 .1  

5 512 19.5 

6 1024 9.8 

A n a l y s i s  I n t e r v a l  (msecl 

3.2 

6 . 4  

12.8 

25.6 

51.2 

102.4 
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vocal tract are identified and separated from parameters describing the 

short-time configuration of the vocal tract (see Rabiner and Schafer, 1978, 

pp. 355-391. for a complete discussion). Cepstrum analysis is a 

particularly powerful (but slow) technique for accurate determination of the 

fundamental frequency of voiced-speech sounds (see, e . g . ,  No1 1, 1967) and is 

therefore also.included among the options in the block-diagram compiler for 

voice pitch extraction (option 7). Processing steps in the computation of 

short-time cepstra for each time frame o f  input speech include (1) 

windowing each time frame of speech to attenuate end effects; (2) 

calculating the FFT of the windowed segment; ( 3 )  computing the log 

magnitude of the FFT components: and (4) calculating the inverse FFT of the 

log-magnitude function. The "workhorse" of analysis is again the FFT 

algorithm. At present we have a debugged subroutine to manage these tasks 

f o r  calculation o f  both the complex and real (from minimum-phase 

reconstruction) cepstrum on input frames of sampled data. In addition, we 

have two stand-alone main programs to deliver the windowed segments of data 

to the cepstrum subroutine and to display the results of the analysis. Code 

from these programs will be incorporated into the DESIGN and EXECUTE 

programs of the block-diagram compiler, as previously described. 

The final module in the DSP category is that of data windowing. We 

have two subroutines for this module: the first to calculate the window 

function and the second to multiply (repetitively) this function and 

sequential frames of sampled data. The window function itself is computed 

only once to save processing time and multiplications are carried out only 

for segments of the window that do not have a value o f  1.0 (e.g., 

multiplications are not required for the long middle segment of an extended- 

cosine-bel 1 window). Options for data windowing include "boxcar" 

(rectangular window), Hanning, Hamming, and extended-cosine-bel 1 functions. 
The subroutines for data windowing are already integral parts of o u r  

I 
I 

existing programs for FFT analysis, cepstral analysis, and linear-prediction 

analysis. These subroutines will be explicitly incorporated in the block- 

diagram compiler so that other analysis programs within the compiler can 

4 0  



3. Speech Analysis Functions 

The functions in the category of speech analysis include linear- 

prediction ana 1 ys i s ; formant extraction and "pitch" ( f undamenta 1 frequency 

and voice/unvoice) extraction. For 1 inear-prediction (LP) analysis, both 
the autocorrelation and covariance methods (Markel and Gray, 1976) are 

implemented in stand-alone programs that have been used for many years in 

our laboratory. An example of LP analysis is presented in Fig. A.2.2. which 

shows a 1024-point FFT and 12-coefficient LP trace for the first "i" in 

"What time is it?". The smooth curve of the LP trace clearly identifies the 

formant structure of the vowel. One of the formant trackers (of function 

Fig. A . l . l )  exploits this property by operating on the output of  the 

analyzer. This tracker uses the subroutines FINDPK and PORMNT presented 

chapter 7 of Markel and Gray (1976). 

Another option for formant tracking is a simulation of the procedure 

6 ,. 

LP 

in 

we 
use in the Autocuer (a speech-analyzing lipreading aid for profoundly-deaf 

users), which involves interpolation of the peak outputs of a 16-channel 

filter bank every 10 msec. Post-processing logic i s  used to smooth the 

resulting formant tracks and to reject spurious "formant" peaks (in 

conjunction with an algorithm for end-point detection). The accuracy of 

formant-frequency detection approximates plus or minus 25 Hz over the band 

that encompasses F1 and F2. The inclusion of this option for formant 

tracking in the block-diagram compiler is particularly appropriate for the 

present application because ( 1 )  formant trackers that operate directly on a 

fi 1 ter-bank representation of the short-time spectra of speech (the 

representation obtained either with discrete filters or an FFT) generally 

have better performance in noisy environments than trackers that operate on ' 

representations derived from LP analysis of speech and ( 2 )  the Autocuer 

formant extraction scheme has already been implemented in a portable, real- 

time speech processor with documented extraction performance. 

The options for pitch extraction (i.e., determination of the 

fundamental frequency of voiced-speech sounds and determination of whether 

the present speech sound is voiced or unvoiced) include the Gold-Rabiner 

algorithm (1969), the Average-Magnitude-Difference function (Ross  et aJ., 
1974; Sung and Un, 1980; Un and Yang, 1977). the Tucker and Bates algorithm 

(Tucker and Bates, 1977), the "simp 1 if ied inverse f i 1 ter tracking" or  "SIFT" 

algorithm (Markel, 1972; Markel and Gray, 1976,  pp. 206-211) ,  and, as 
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mentioned be fo re ,  t h e  c e p s t r a l  method ( N o l l ,  1967). The code used f o r  t h e  

A v e r a g e - M a g n i t u d e - D i f f e r e n c e  f u n c t i o n  i s  a s i m u l a t i o n  i n  FORTRAN of  t h e  

machine-language code used i n  t h e  p o r t a b l e ,  real-time p rocesso r  w e  d e s c r i b e d  

on p a g e s  8-11  o f  o u r  s i x t h  q u a r t e r l y  p r o g r e s s  r e p o r t .  With t h i s  FORTRAN 

s i m u l a t i o n ,  we can f u l l y  e v a l u a t e  t h e  p o t e n t i a l  performance of t h e  p o r t a b l e  

p r o c e s s o r  i n  tes ts  wi th  i m p l a n t  p a t i e n t s  u s i n g  t h e  block-diagram compi le r .  

I n  a d d i t i o n  t o  t h e  e x p l i c i t  methods of p i t c h  e x t r a c t i o n  j u s t  d e s c r i b e d ,  

w e  have  a v a i l a b l e  t h e  r e s i d u a l  s igna l  from our  programs f o r  LP a n a l y s i s  of 

s p e e c h .  Use o f  t h e  LP r e s i d u a l  s i g n a l ,  a n d  t h e  " m u l t i p u l s e  e x c i t a t i o n "  

t r ans fo rm of it ( A t a l  and Remde, 1982).  was d e s c r i b e d  i n  s e c t i o n  11 of t h i s  

r e p o r t .  I n  g e n e r a l ,  t h e  r e s i d u a l  a n d  m u l t i p u l s e  s i g n a l s  a r e  e x c e l l e n t  

r e p r e s e n t a t i o n s  of t h e  e x c i t a t i o n  of t h e  v o c a l  t r a c t  f o r  a l l  speech  sounds 

( i n c l u d i n g  t h o s e  wi th  mixed vo iced  and unvoiced  components). The m u l t i p u l s e  

s i g n a l  i n  p a r t i c u l a r  may h a v e  d i r e c t  u t i l i t y  i n  s p e e c h  p r o c e s s o r s  f o r  

a u d i t o r y  p r o s t h e s e s .  

With t h e  excep t ion  of t h e  FORTRAN s i m u l a t i o n  of t h e  Average-Magnitude- 

D i f f e r e n c e  f u n c t i o n ,  a l l  m o d u l e s  d e s c r i b e d  i n  t h i s  s e c t i o n  on s p e e c h  

a n a l y s i s  ex i s t  as debugged, s t a n d - a l o n e  programs. Most of t h e s e  programs 

h a v e  been used f o r  many y e a r s  i n  our  l a b o r a t o r y  and are  h i g h l y  r e l i a b l e .  I n  

a d d i t i o n ,  t h e  code f o r  e x t r a c t i o n  and man ipu la t ion  of t h e  LP r e s i d u a l  s igna l  

h a s  b e e n  f u l l y  i n c o r p o r a t e d  w i t h i n  t h e  b l o c k - d i a g r a m  c o m p i l e r .  A s  

p r e v i o u s l y  d e s c r i b e d ,  t h i s  module was used i n  t h e  s i m u l a t i o n  of two speech  

p r o c e s s i n g  s t r a t e g i e s  f o r  t e s t s  w i t h  t h e  most  r e c e n t  i m p l a n t  p a t i e n t  a t  

UCSP. F i n a l l y ,  w e  w a n t  t o  m e n t i o n  t h a t  s o f t w a r e  l i n k s  h a v e  b e e n  

i n c o r p o r a t e d  i n  t h e  b lock-d iagram c o m p i l e r  t o  access  t h e  s p e e c h - a n a l y s i s  

p r o g r a m s  o f  t h e  " I n t e r a c t i v e  L a b o r a t o r y  Sys tem" ( I L S )  p a c k a g e  m a r k e t e d  by  

S i g n a l  Technology,  Inc. These programs g e n e r a l l y  d u p l i c a t e  a s u b s e t  of our 

speech  a n a l y s i s  modules ,  i n c l u d i n g  t h e  modules f o r  LP a n a l y s i s ,  c e p s t r a l  

a n a l y s i s ,  p i t c h  e x t r a c t i o n  u s i n g  t h e  SIFT a l g o r i t h m ,  and p i t c h  e x t r a c t i o n  

u s i n g  t h e  c e p s t r a l  method.  The d u p l i c a t i o n  i n  f u n c t i o n s  i s  u s e f u l ,  o f  

c o u r s e ,  as  a c r o s s - c h e c k  on p rogram p e r f o r m a n c e  a n d  a c c u r a c y ;  h o w e v e r ,  w e  

r a r e l y  u s e  t h e  l i n k s  t o  t h e  ILS s o f t w a r e  b e c a u s e  (1) t h e  ILS c o d e  i s  

g e n e r a l l y  s l o w e r  (sometimes an  o r d e r  of magnitude s l o w e r )  t han  o u r  code; ( 2 )  

w e  are much more f a m i l i a r  w i th  ou r  code and t h e r e f o r e  c o n s i d e r  it t o  be more 

t r u s t w o r t h y  and a d a p t a b l e  i n  our  hands;  and (3 )  we are o n l y  l i c e n s e d  t o  use  

t h e  ILS code on t h e  UCSF computer. 
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4. S igna l -Source  Func t ions  

The  s i g n a l - s o u r c e  f u n c t i o n s  i n c l u d e  a n o i s e  g e n e r a t o r ,  a s i n e / c o s l n e  

g e n e r a t o r ,  a p u l s e - t r a i n  g e n e r a t o r ,  and  i n p u t  f rom a d i s k  f i l e .  The l a s t  

two are f u l l y  i n c o r p o r a t e d  i n t o  t h e  block-diagram compi l e r  and w e  d e s c r i b e  

a p p l i c a t i o n s  of these modules i n  s e c t i o n  I 1  of t h i s  r e p o r t .  S e v e r a l  n o i s e  

g e n e r a t o r s  e x i s t  as s t a n d - a l o n e  programs and w i l l  be i n c o r p o r a t e d  i n t o  t h e  

b l o c k - d i a g r a m  c o m p i l e r  i n  t h e  n e a r  f u t u r e .  S u b r o u t i n e s  f o r  g e n e r a t i n g  

u n i f o r m ,  pseudo-random s e q u e n c e s  ( f r o m  0.0 t o  1 .0)  i n c l u d e  t h e  RANDOM a n d  

DRANDOM f u n c t i o n s  of t h e  Data Genera l  FORTRAN V s u b r o u t i n e  l i b r a r y  and t h e  

p r o g r a m  UNI, w r i t t e n  by A l a n  G r o s s  f o r  t h e  I E E E  l i b r a r y  of p rograms  f o r  

d i g i t a l  s i g n a l  p rocess ing .  The o u t p u t s  of t h e s e  programs are s t a t i s t i c a l l y  

a c c e p t a b l e  f o r  a l l  a n t i c i p a t e d  needs.  

5 .  Math Opera t ions  

A l l  ma th  o p e r a t i o n s ,  w i t h  t h e  e x c e p t i o n  of  t h e  i n t e g r a t o r  ( a n d  

a s s o c i a t e d  RMS-to-dc c o n v e r t e r ) ,  a re  f u n c t i o n i n g  c o m p o n e n t s  o f  t h e  b l o c k -  

diagram c o m p i l e r .  The i m p l e m e n t e d  f u n c t i o n s  i n c l u d e  a ( 1 )  summer; ( 2 )  

m u l t i p l i e r / i n v e r t e r ;  ( 3 )  d i v i d e r ;  a n d  ( 4 )  l o g a r i t h m i c  c a l c u l a t o r .  The  

summer and m u l t i p l i e r / i n v e r t e r  can accept many i n p u t s  and  t h e  d i v i d e r  can 

accept two i n p u t s .  These i n p u t s  can be any combinat ion of f l o a t i n g - p o i n t  o r  

i n t e g e r  s i g n a l  v e c t o r s  o r  of f l o a t i n g - p o i n t  o r  i n t e g e r  c o n s t a n t s .  A l l  math 

o p e r a t i o n s  are  opt imized  f o r  speed of execu t ion  u t i l i z i n g  t h e  f l o a t i n g - p o i n t  

p r o c e s s o r s  of our  E c l i p s e  computers.  Accuracy of t h e  computa t ions  depends 

on  t h e  t y p e  o f  r e p r e s e n t a t i o n  u s e d  f o r  t h e  numbers ;  t h e  word l e n g t h  f o r  

i n t e g e r s  i n  t h e  Ecl ipse i s  16 b i t s  and t h a t  f o r  f l o a t i n g - p o i n t  numbers is 32 

b i t s  (1 s i g n  b i t ,  7 e x p o n e n t  b i t s ,  2 4  m a n t i s s a  b i t s ,  a p p r o x i m a t e l y  7.2 

decimal  d i g i t s  of s i g n i f i c a n c e ) .  

6 .  C i r c u i t  Funct ions  

I n  a d d i t i o n  t o  t h e  m o d u l e s  f o r  d i g i t a l  s i g n a l  p r o c e s s i n g  and  s p e e c h  

a n a l y s i s ,  v a r i o u s  c i r c u i t  f u n c t i o n s  1 i k e l y  t o  f i n d  a p p l i c a t i o n  i n  s p e e c h  

p r o c e s s o r s  f o r  a u d i t o r y  p r o s t h e s e s  have  been, o r  soon w i l l  b e ,  i nco rpora t ed  

i n t o  t h e  b l o c k - d i a g r a m  c o m p i l e r .  Because t h e  dynamic  r a n g e  o f  s t i m u l u s  

i n t e n s i t i e s  f rom t h r e s h o l d  t o  u n c o m f o r t a b l e  l o u d n e s s  i s  much l o w e r  i n  
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i m p l a n t  p a t i e n t s  t h a n  i n  normal l i s t e n e r s ,  t h e  compressor c i r c u i t  f u n c t i o n  

h a s  o b v i o u s  i m p o r t a n c e  f o r  t h e  p r e s e n t  a p p l i c a t i o n .  Some s o r t  of 

compression is used i n  a l l  e x t a n t  speech  p r o c e s s o r s  f o r  a u d i t o r y  p r o s t h e s e s .  

The compressor  module i n  t h e  block-diagram compi l e r  is f u l l y  implemented and 

p r o v i d e s  f o r  u n p r e c e d e n t e d  f l e x i b i l i t y  i n  t h e  s e l e c t i o n  of d e s i g n  

p a r a m e t e r s .  The main o p t i o n s  f o r  c o m p r e s s o r  d e s i g n  a r e  p r e s e n t e d  i n  t h e  

f i r s t  menu of t h e  compressor module, which is  reproduced h e r e  i n  Fig.  A.1.5. 

The major  t y p e s  of compressors  i n c l u d e d  among these  o p t i o n s  are s i n g l e -  and 

mu1 t ip l e - segmen t  "compressor-compressors' ' (where each segment of t h e  s t e a d y -  

s t a t e  c o m p r e s s i o n  f u n c t i o n  f o r m s  a s t r a i g h t  l i n e  o n  a l o g - l o g  p l o t ) ,  a n  

a u t o m a t i c  v o l u m e  c o n t r o l  ( n o n i n s t a n t a n e o u s ,  i n f i n i t e  c o m p r e s s i o n ) ,  a 

l o g a r i t h m i c  c o m p r e s s o r ,  a n d  a h a r d  1 i m i t e r .  The "compressor-compressors" 

can be i n s t a n t a n e o u s  o r  non ins t an taneous .  

SELECT CLRSS OF COMPRESSOR FROM THE FOLLOWING OPTIONS: 

1 = CLRS,SIC 'COMPRESSOR-COMPRESSOR', NONINSTFIKTQNEOLIS 
2 = CLRSSIC 'COMPRESSOR-COMPRESSOR', INSTQNTRNEOUS 

3 = PIECEWISE 'COMPRESSOR-COMPRESSOR', NONINSTRNTRNEOUS 
4 = PIECEWISE 'COMPRESSOR-COMPRESSOR', INSTRNTRNEOUS 

-____-______________----------------------_---------- 

____________________-------_-----_----_---_-----_---_ 
5 = CLRSSIC RVC (NONINSTRNTRNEOUS, INFINIE COMPRESSION) 

6 = LOG COMPRESSOR, INSTRNTRNEOUS 

7 = HRRD LIMITER 
____________________-------_----_-----_---_---------- 

ENTER ) 

F i g .  A . 1 . 5 .  F i r s t  menu of o p t i o n s  f o r  t h e  compressor  module. 
t 
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To a s s i s t  t h e  i n v e s t i g a t o r  i n  t h e  d e s i g n  o f  c o m p r e s s o r s ,  s e v e r a l  

o p t i o n s  are  p resen ted  a t  t h e  end of each s p e c i f i c a t i o n  pass  f o r  d i s p l a y  of 

compressor  o u t p u t s  and c h a r a c t e r i s t . i c s .  The menu p r e s e n t i n g  t h e s e  o p t i o n s  

i s  r e p r o d u c e d  h e r e  as  F i g .  A . 1 . 6 ,  a n d  e x a m p l e  d i s p l a y s  a r e  p r e s e n t e d  i n  

F igs .  A.1.7 and A.1.8. I n  g e n e r a l ,  t h e  ranges of compression r a t i o s ,  a t t a c k  

times a n d  r e l e a s e  times e x c e e d  t h o s e  p r a c t i c a l l y  r e a l i z a b l e  i n  a n a l o g  

c i r c u i t s .  A l s o ,  a s  n o t e d  b e f o r e ,  t h e  range of c o m p r e s s o r  t y p e s  g r e a t l y  

exceeds t h e  range  t h a t  n o r m a l l y  would be e n t e r t a i n e d  f o r  implementat ion i n  

a n a l o g  c i r c u i t s .  The o p t i o n s  f o r  p i e c e w i s e  c o m p r e s s i o n ,  i n  p a r t i c u l a r ,  

p r o v i d e  a p o w e r f u l  means  f o r  p r e c i s e  m a p p i n g  o f  i n p u t s  o n t o ’ t h e  

psychophys ica l  space  of i m p l a n t  p a t i e n t s .  

SELECT ONE OF THE FOLLOWING OPTIONS FOR DISPLRY O F  COMPRESSOR CYQRRCTERISTICS: 

1 = SHOW DYNRMIC RESPONSE 
2 = SHOW STERDY-STRTE TRRNSFER FUNCTION 
3 = DESIGN NEW COMPRESSOR 
4 = RETURN TO BLOCK-DIRGRRM DESIGN PROGRRM 

ENTER ) 

F i g .  A . 1 . 6 .  Menu of o p t i o n s  f o r  t h e  d i s p l a y  of compressor  c h a r a c t e r i s t i c s  

Other  c i r c u i t - f u n c t i o n  modules now f u l l y  i n c o r p o r a t e d  i n t o  t h e  b lock-  

diagram c o m p i l e r  are t h e  r e c t i f i e r  and u n i t - d e l a y  o p e r a t o r .  The r e c t i f i e r  

c a n  b e  f u l l -  o r  h a l f - w a v e  a n d  can o p e r a t e  o n  i n t e g e r  o r  f l o a t i n g - p o i n t  

numbers .  The  u n i t - d e l a y  o p e r a t o r  i s  u s e d  i n  t h e  s p e c i f i c a t i o n  o f  c l o s e d  

feedback  l o o p s  w i t h  t h e  block-diagram compi l e r  f o r  ne tworks  t h a t  do n o t  h a v e  

b u i l t - i n  d e l a y s  ( i . e . ,  f o r  n e t w o r k s  t h a t  do n o t  h a v e  embedded f i l t e r s  o r  

i n t e g r a t o r s ,  etc.). The remain ing  c i r c u i t  f u n c t i o n s  are  r e l a t i v e l y  s i m p l e  

t o  implement and w i l l  be  i n c o r p o r a t e d  i n t o  t h e  block-diagram c o m p i l e r  i n  t h e  

n e a r  f u t u r e .  Among t h e s e  r e m a i n i n g  f u n c t i o n s ,  t h e  z e r o - c r o s s i n g  d e t e c t o r  

h a s  t h e  h i g h e s t  p r i o r i t y  f o r  i n c l u s i o n  b e c a u s e  i t  w i l l  b e  r e q u i r e d  f o r  a 

f u l l  s i m u l a t i o n  of t h e  p r e s e n t  s p e e c h - p r o c e s s i n g  s t r a t e g y  u s e d  i n  t h e  

A u s t r a l i a n  d e v i c e .  
I 
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Fig. A.1.7. Dynamic and steady-state characteristics of a single-segment 
"compressor-compressor.'' The parameters of this compressor 
are: Attack time = .5 msec; Release time = 5 msec; 
Compression ratio = 4;  Threshold for onset of compression = 
0.0; Amplification of compression stage = 1.0. The upper 
panel shows the dynamic responses of the specified compressor 
to the rectangular forcing function in the top trace. The 
middle trace is the derived control signal for adjusting the 
instantaneous gain of the compression stage and the bottom 
trace is the output signal (x 100). Intervals of attack, 
release and compression are clearly evident in the output 
signal. Finally, the bottom two panels show the steady-state 
response of the compressor on log-log and lin-lin plots. The 
"compressor-compressor'' function forms a straight line on a 
log-log plot whose slope reflects the selected compression 
ratio. , 



Steady-State TrinSPer Functionis) O f  SpetiPied C ? W e S S W ( S )  
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i 

79.a 
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F i g .  A . 1 . 8 .  S t e a d y - s t a t e  t r a n s f e r  f u n c t i o n  of a p i e c e w i s e  " c o m p r e s s o r -  

c o m p r e s s o r "  shown on l o g - l o g  a n d  l i n - l i n  p l o t s .  T h i s  

c o m p r e s s o r  h a s  a t h r e s h o l d  f o r  t h e  o n s e t  o f  c o m p r e s s i o n  a t  

100 (marked by t h e  v e r t i c a l  dashed l i n e s )  and t h r e e  segments 

of compression t h e r e a f t e r .  The compression r a t i o  of  segment 

1 ,  f o r  i n p u t  v a l u e s  f rom 100 t o  500 ,  i s  2.0; t h e  r a t i o  o f  

segment 2 ,  f o r  i n p u t s  from 500 t o  1000. is 1 . 2 ;  and t h e  r a t i o  

of segment 3 ,  f o r  i n p u t s  above  1000, is 4.0. The o p t i o n s  f o r  

p i ecewise  compression p r o v i d e  a p o w e r f u l  means f o r  p r e c i s e  

mapp ing  o f  i n p u t s  o n t o  t h e  p s y c h o p h y s i c a l  s p a c e  o f  i m p l a n t  

p a t i e n t s .  
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7 .  Other  Funct ions  

V a r i o u s  c o n t r o l  f u n c t i o n s  a r e  l i s t e d  u n d e r  t h e  "OTHER" c a t e g o r y  of 

m o d u l e s  i n  t h e  s e c o n d  main menu o f  t h e  DESIGN program ( see  F i g .  A . l . l ) ,  and  

i n c l u d e  f a c i l i t i e s  t o  (1) r e a d  a s u b s y s t e m  f o r  t h e  p r e s e n t  b l o c k  f r o m  

a n o t h e r  d e s i g n  s t o r e d  on t h e  d i s k ;  ( 2 )  s e l ec t  a use r -de f ined  r u l e ,  t h e  code 

f o r  which i s  a l s o  s t o r e d  on t h e  d i s k :  (3)  i d e n t i f y  a new user -def ined  r u l e  

t o  be added t o  t h e  l i b r a r y ;  ( 4 )  show t h e  topo logy  of t h e  p r e s e n t  system as 

d e f i n e d  by t h e  i n v e s t i g a t o r  up  t o  t h i s  p o i n t :  ( 5 )  r e t u r n  t o  t h e  p r e v i o u s  

s c r e e n ,  t h e  f i r s t  main menu of t h e  DESIGN program; (6)  r e v i s e  a p r e v i o u s l y  

s p e c i f i e d  b l o c k ;  a n d  ( 7 )  e x i t  f rom t h e  DESIGN program.  A l l  o f  t h e s e  

c o n t r o l  f u n c t i o n s  wi th  t h e  excep t ion  of 2 and 3 are now i n c o r p o r a t e d  i n  t h e  

b l  ock-diagram compi 1 er. 

A s  i n d i c a t e d  i n  s e c t i o n  I1 o f  t h i s  r e p o r t ,  s e v e r a l  new f u n c t i o n s  f o r  

t h e  c o n t r o l  and s e l e c t i o n  of p r o c e s s o r  o u t p u t s  have  been added t o  our  b a s i c  

l i s t  of p r o c e s s o r  m o d u l e s ;  t h e s e  a r e  c a l l e d  by t h e  f i r s t  o p t i o n  l i s t e d  

above.  F i n a l l y ,  a n  example of t h e  o u t p u t  produced i n  r e sponse  t o  a r e q u e s t  

t o  show t h e  topo logy  of a network s presen ted  i n  F ig .  A . 1 . 9 .  

8 .  Concluding Remarks 

A t  p r e s e n t ,  t h e  block-diagram compi l e r  is f u l l y  c a p a b l e  o f  s imula t ing  

most speech-process ing  s t ra tegies  proposed o r  i n  use  t o  d a t e .  Inco rpora t ion  

of t h e  remain ing  s t and-a lone  modules ,  as d e s c r i b e d  i n  t h e  I n t r o d u c t i o n  t o  

t h i s  Appendix, w i l l  a l l o w  u s  t o  s imulate  e v e r y  e x t a n t  speech  p rocesso r  f o r  

a u d i t o r y  p r o s t h e s e s  ( a s  d e s c r i b e d  i n  t h e  open  l i t e r a t u r e )  a n d  many new 

p r o c e s s o r s  t h a t  may p r o v i d e  improved performance. I n  o u r  expe r i ence  w i t h  

t h e  m o d u l e s  now f u l l y  i n c o r p o r a t e d ,  w e  h a v e  l e a r n e d  t h a t  c o m p o s i t i o n  and 

d e b u g g i n g  o f  t h e  s t a n d - a l o n e  m o d u l e s  t a k e  much more t ime t h a n  t h e  two 

f o l l o w i n g  s t e p s  t o  i n c o r p o r a t e  t h e  modules i n t o  programs DESIGN. and EXECUTE. 

These l a s t  two s t e p s  g e n e r a l l y  r e q u i r e  between 1 and 3 days  of programming 

e f f o r t  t o  a c c o m p l i s h .  T h e r e f o r e ,  mos t  o f  t h e  work f o r  t h e  b l o c k - d i a g r a m  

c o m p i l e r  is behind u s  and ,  as demonst ra ted  wi th  p a t i e n t  LP ( s e c t i o n  11, t h i s  

r e p o r t ) ,  t h e  p r e s e n t  s o f t w a r e  a l r e a d y  c o n s t i t u t e s  an ex t remely-powerfu l  t o o l  

f o r  d e s i g n i n g  and e v a l u a t i n g  speech  p r o c e s s o r s  f o r  a u d i t o r y  p ros theses .  

A s  a f i n a l  n o t e  i n  t h i s  a p p e n d i x  on t h e  b l o c k - d i a g r a m  c o m p i l e r ,  w e  

w o u l d  l i k e  t o  m e n t i o n  t h a t  t h i s  s o f t w a r e  i s  o n l y  o n e  componen t  i n  a much- 
* 
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TEST 

TOPOLOGY OF DESIGN 

INPUT ( S )  
BLOCK BLK/OUT/IN _-_- __-__--___ 

1 TUNR 
2 1/ 1/ 1 
3 1 /  I/ i 
4 I/ 1/ 1 

1/ 1/ 1 
6 2/ 11 1 
7 3/ 1/ 1 
8 4/ 11 1 
9 s/ 11 1 

10 6/ I /  1 
11 7/ l/ 1 
12 a/ 1/ 1 
13 9/ I/ 1 

c 

HALF-UkVE ?-POLE LPF: 
[ B l j  T T E R I?! U R T H : H 30 HZ1 

4-POLE EPF: 

100-41!0 H L  1 
(BUTTEEUORTH: RECTIFIER 

YES/ 
Y E S /  
YES/ 
YES/ 

YES/ 
YES/ 
YES/ 
YES/ 

20000.0 
2m000.0 
,30000.0 
20000.0 
20000.0 
2p1800.0 
20000.0 
20000.0 
20000.0 

20000.0 
2B000.0 
20000. 0 

2aa00.0 

I NT 
FLT 
FLT 
FLT 
FLT 
I NT 
FLT 
FLT 
FLT 
FLT 
FLT 
FLT 
FLT 

DISK INPUT 
FILTER 
FILTER 
FILTER 
FILTER 
RECT I FI E!? 
RECTIFIER 
RECTIFIER 
RECTI F I ER 
FILTER 
FILTER 
FILTER 
FILTER 

THE FUNCTION O F  FLOCK 5 IS DESCRIBED BELOW: 

BRNDPRSS BUTTERWORTH FILTER WITH THE FOLLOWING PRRRMETERS: 

FILTER ORDES = 4: 
SRMPLINO FREQUENCY = 20000.0; 
BRERK FQERUENCIES = 1600.0 FlND 3006.0. 

Fig. A . 1 . 9 .  Response to a request to show the topology of a network 
specified with the DESIGN program. The top panel is a block 
diagram of the user-specified system and the middle panel is 
the topology printout describing this network. The topology 
information fully specifies for each block its inputs and 
outputs; whether and how many of its outputs are t o  be 
written to the disk: the sampling frequency of its output(s); 
the data type of  its outputs: and its major category of 
function. Specific information on the design parameters for 
any single block also can be requested, as illustrated in the 
bottom panel for block 5. 

* 
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l a r g e r  s e t  of programs we have  deve loped  f o r  des ign  and e v a l u a t i o n  of speech  

p r o c e s s o r s  f o r  a u d i t o r y  p r o s t h e s e s .  These  o t h e r  programs i n c l u d e  ones t o  

( 1 )  conduct  t h e  " m i n i M A C "  and "MAC" tests wi th  processed  speech tokens  i n  a 

f u l l y - a u t o m a t e d  and s t a t i s t i c a l l y - r i g o r o u s  f a sh ion :  ( 2 )  conduct  many b a s i c  

p s y c h o p h y s i c a l  t e s t s  ( e . g . ,  p u l s e  t h r e s h o l d s ,  n o i s e  t h r e s h o l d s ,  t o n e  

t h r e s h o l d s ,  l oudness  measures, loudness  comparisons,  gap d e t e c t i o n ,  l oudness  

and f requency  DL's, and more), a l s o  i n  a fu l ly -au tomated  and s t a t i s t i c a l l y -  

r i g o r o u s  f a s h i o n :  (3)  model t h e  e l e c t r i c  f i e l d  p a t t e r n s  produced i n  ears 

i m p l a n t e d  w i t h  e l e c t r o d e s  o f  v a r i o u s  g e o m e t r i e s ;  ( 4 )  model  t h e  n e u r a l  

r e s p o n s e s  e v o k e d  by s u c h  e l e c t r i c  f i e l d s  f o r  v a r i o u s  p a t t e r n s  of n e u r a l  

s u r v i v a l  a n d  s t i m u l u s  w a v e f o r m s ;  a n d  (5)  g e n e r a t e  c o m p l e x  s t i m u l i  f o r  

p r e s e n t a t i o n  and  e v a l u a t i o n  o f  " s t i m u l u s  pr imi t ives . ' :  Our p l a n s  f o r  near 

f u t u r e  i n c l u d e  f u r t h e r  r e f i n e m e n t  and  d e v e l o p m e n t  of  t h e  b l o c k - d i a g r a m  

c o m p i l e r  and  t h e  o t h e r  s o f t w a r e  j u s t  l i s t e d .  W h i l e  much work remains,  w e  

a r e  p l e a s e d  t o  n o t e  t h a t  mos t  o f  t h e  work h a s  b e e n  c o m p l e t e d  a n d  t h a t  -- a l l  - 
t h e  "core"  programs are  i n  p l a c e  and f u l l y  debugged. The s o f t w a r e  f o r  t h e  

block-diagram compi l e r ,  f o r  example,  now c o n s i s t s  of 161 s e p a r a t e  programs 

and more t h a n  15,000 l i n e s  of FORTRAN and machine-language code. We expec t  

t h a t  comple t ion  of t h i s  s o f t w a r e  ( t o  i n c o r p o r a t e  t h e  remaining modules i n t o  

DESIGN a n d  E X E C U T E )  w i l l  r e q u i r e  s e v e r a l  t h o u s a n d  more l i n e s  of c o d e  a n d  

I 

between two and t h r e e  person-months of programming e f f o r t .  
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Vowel Tokens ------ 

I 

1. 
I 



Key to Appended Plots 

[Label numbers are in the form 81.x  where x is the processor block number 
shown in Fig. A.3.3. on page 25 above. Each trace represents the output of 
the corresponding block.] 

8 1 . 1  input speech signal 

8 1 . 6  434- 712 Hz band output signal 
8 1 . 9  712-1047 Hz band output signal 
81.12  1047-1538 Hz band output signal 
81.15  1538-2259 Hz band output signal 
81.18 2259-3319 Hz band output signal 
81.21  3319-4875 Hz band output signal 

81.23  434- 712 Hz band RMS energy 
81.25  712-1047 Hz band RMS energy 
81.27 1047-1538 Hz band RMS energy 
81.29  1538-2259 Hz band RMS energy 
81.31  2259-3319 Hz band RMS energy 
81 .33  ' 3319-4875 Hz band RMS energy 

Samples-per-output-level histograms for each channel. 
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Appendix 3 

Consonant Confusion Tokens and’ Processor Outputs, 

Strategy 4, 7/85 
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--- Consonant  Tokens 

"ADA" I 
1.e; 

d i 
"ALA" :.z 

I 

I 

I 

I 
'SE31 1.12 



Key to Appended Plots 

[Label numbers are in the form 81.x where x is the processor block number 
shown in Fig. A.3.1 on page 25 above. Each trace represents the output of 
the corresponding block.] 

81.1 input speech signal 

81.6 
81.9 712-1047 Hz band output signal . 
81.12 
81.15 
81.18 
81.21 

434- 712 Hz band output signal 

1047-1538 Hz band output signal 
1538-2259 Hz band output signal 
2259-3319 Hz band output signal 
3319-4875 Hz band output signal 

81.23 434- 712 Hz band RMS energy 
81.25 712-1047 Hz band RMS energy 
81.27 1047-1538 Hz band RMS energy 
81 -29 1538-2259 Hz band RMS energy 
81.31 2259-3319 Hz band RMS energy 
81.33 3319-4875 Hz band RMS energy 

Samples-per-output-level histograms for each channel. 
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